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PREFACE 


The  International  Library  of  Technology  is  the  outgrowth 
of  a  large  and  increasing  demand  that  has  arisen  for  the 
Reference  Libraries  of  the  International  Correspondence 
Schools  on  the  part  of  those  who  are  not  students  of  the 
Schools.  As  the  volumes  composing  this  Library  are  all 
printed  from  the  same  plates  used  in  printing  the  Reference 
Libraries  above  mentioned,  a  few  words  are  necessary 
regarding  the  scope  and  purpose  of  the  instruction  imparted 
to  the  students  of — and  the  class  of  students  taught  by — 
these  Schools,  in  order  to  afford  a  clear  understanding  of 
their  salient  and  unique  features. 

The  only  requirement  for  admission  to  any  of  the  courses 
offered  by  the  International  Correspondence  Schools,  is  that 
the  applicant  shall  be  able  to  read  the  English  language  and 
to  write  it  sufficiently  well  to  make  his  written  answers  to 
the  questions  asked  him  intelligible.  Each  course  is  com- 
plete in  itself,  and  no  textbooks  are  required  other  than 
those  prepared  by  the  Schools  for  the  particular  course 
selected.  The  students  themselves  are  from  every  class, 
trade,  and  profession  and  from  every  country;  they  are, 
almost  without  exception,  busily  engaged  in  some  vocation, 
and  can  spare  but  little  time  for  study,  and  that  usually 
outside  of  their  regular  working  hours.  The  information 
desired  is  such  as  can  be  immediately  applied  in  practice,  so 
that  the  student  may  be  enabled  to  exchange  his  present 
vocation  for  a  more  congenial  one,  or  to  rise  to  a  higher  level 
in  the  one  he  now  pursues.  Furthermore,  he  wishes  to 
obtain  a  good  working  knowledge  of  the  subjects  treated  in 
the  shortest  time  and  in  the  most  direct  manner  possible. 
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In  meeting  these  requirements,  we  have  produced  a  set  of 
books  that  in  many  respects,  and  particularly  in  the  general 
plan  followed,  are  absolutely  unique.  In  the  majority  of 
subjects  treated  the  knowledge  of  mathematics  required  is 
limited  to  the  simplest  principles  of  arithmetic  and  mensu- 
ration, and  in  no  case  is  any  greater  knowledge  of  mathe- 
matics needed  than  the  simplest  elementary  principles  of 
algebra,  geometry,  and  trigonometry,  with  a  thorough, 
practical  acquaintance  with  the  use  of  the  logarithmic  table. 
To  effect  this  result,  derivations  of  rules  and  formulas  are 
omitted,  but  thorough  and  complete  instructions  are  given 
regarding  how,  when,  and  under  what  circumstances  any 
particular  rule,  formula,  or  process  should  be  applied;  and 
whenever  possible  one  or  more  examples,  such  as  would  be 
likely  to  arise  in  actual  practice — together  with  their  solu- 
tions— are  given  to  illustrate  and  explain  its  application. 

In  preparing  these  textbooks,  it  has  been  our  constant 
endeavor  to  view  the  matter  from  the  student's  standpoint, 
and  to  try  and  anticipate  everything  that  would  cause  him 
trouble.  The  utmost  pains  have  been  taken  to  avoid  and 
correct  any  and  all  ambiguous  expressions — both  those  due 
to  faulty  rhetoric  and  those  due  to  insufficiency  of  statement 
or  explanation.  As  the  best  way  to  make  a  statement, 
explanation,  or  description  clear,  is  to  give  a  picture  or  a 
diagram  in  connection  with  it,  illustrations  have  been  used 
almost  without  limit.  The  illustrations  have  in  all  cases 
been  adapted  to  the,  requirements  of  the  text,  and  projec- 
tions and  sections  or  outline,  partially  shaded,  or  full-shaded 
perspectives,  have  been  used,  according  to  which  will  best 
produce  the  desired  results.  Half-tones  have  been  used 
rather  sparingly,  except  in  those  cases  where  the  general 
effect  is  desired  rather  than  the  actual  details. 

It  is  obvious  that  books  prepared  along  the  lines  men- 
tioned must  not  only  be  clear  and  concise  beyond  anything 
heretofore  attempted,  but  they  must  also  possess  unequaled 
value  for  reference  purposes.  They  not  only  give  the 
maximum  of  information  in  a  minimum  space,  but  this  infor- 
mation is  so  ingeniouslv  arranged  and  correlated,  and  the 
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indexes  are  so  full  and  complete,  that  it  can  at  once  be 
made  available  to  the  reader.  The  numerous  examples  and 
explanatory  remarks,  together  with  the  absence  of  long 
demonstrations  and  abstruse  mathematical  calculations,  are 
of  great  assistance  in  helping  one  to  select  the  proper  for- 
mula, method,  or  process  and  in  teaching  him  how  and  when 
it  should  be  used. 

Two  of  the  volumes  composing  this  library,  of  which  this 
is  the  first,  are  devoted  to  structural  engineering.  It  has 
been  our  aim  to  present  the  fundamental  laws  that  serve  as 
a  basis  for  structural  engineering,  in  as  clear  and  concise 
a  manner  as  possible,  thus  assuring  a  thorough  under- 
standing of  the  succeeding  and  more  difficult  papers  in 
which  these  laws  are  applied.  The  present  volume  deals 
mainly  with  the  laws  of  stresses,  that  is,  with  the  methods 
for  ascertaining  their  magnitude,  direction,  and  points  of 
application,  both  the  analytical  and  the  graphical  methods 
being  used.  Other  papers,  perhaps  of  equal  importance, 
are  those  which  treat  of  the  means  for  distributing  the 
stresses;  they  consider  not  only  the  material  most  suitable 
for  the  purpose,  but  also  the  most  efficient  and  economical 
shape  in  which  to  arrange  the  material.  It  may  be  added 
that  of  the  subjects  here  mentioned,  some  are  perhaps 
treated  in  a  more  thorough  and  simple  manner  than  is 
to  be  found  in  any  other  treatise;  we  refer  in  particular  to  the 
papers  entitled  Beams  and  Girders  and  Columns  and  Struts. 

The  method  of  numbering  the  pages,  cuts,  articles,  etc. 
is  such  that  each  subject  or  part,  when  the  subject  is  divided 
into  two  or  more  parts,  is  complete  in  itself;  hence,  in  order 
to  make  the  index  intelligible,  it  was  necessary  to  give  each 
subject  or  part  a  number.  This  number  is  placed  at  the 
top  of  each  page,  on  the  headline,  opposite  the  page  number; 
and  to  distinguish  it  from  the  page  number  it  is  preceded  by 
the  printer's  section  mark  (§).  Consequently,  a  reference 
such  as  §  16,  page  26,  willbe  readily  found  by  looking  along 
the  inside  edges  of  the  headlines  until  §  16  is  found,  and 
then  through  §  16  until  page  26  is  found. 
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LOADS  IN  STRUCTURES 


FLOOR,  KOOF,  AND  WIND  LOADS 


DEAD    LOAD 

1.  The  weight  of  the  material  used  in  the  permanent 
structure  of  a  building  produces  loads  on  the  floor  systems, 
the  columns,  and  the  foundations.  These  loads  are  called  the 
dead  loads  and  include  the  weight  of  the  structural  frame- 
work, walls,  floors;  partitions,, and  roofs.  In  fact,  the  weight 
of  every  piece  of  material  used  in  the  construction  of  the 
building  is  included  in  the  dead  load. 

Before  the  dead  load  can  be  computed,  the  weight  of  various 
materials  must  be  known,  and  those  in  common  use  are  given 
in  the  following  tables.  The  units  in  which  these  weights  are 
expressed  are  those  most  often  employed  in  making  esti- 
mates of  loads  in  engineering  calculations.  Thus,  Table  I 
gives  the  weight,  per  cubic  foot,  of  the  materials  usually 
measured  by  that  unit,  together  with  the  weight,  per  cubic 
inch,  of  a  few  often  measured  in  inches;  while  Table  II  gives 
the  weights  of  such  materials  as  are  used  in  the  construction 
of  floors,  roofs,  ceilings,  etc.,  where  the  quantities  are 
generally  expressed  in  square  feet. 

2.  Weight  of  Fireproof  Floors. — If  fireproof  floors 
are  of  standard  construction,  their  weight  may  be  determined 
from  the  weights  given  by  the  manufacturers  of  the  particular 
type  to  be  used;  they  may  be  found  for  most  systems  in  the 
tables  in  Fireprooiing.  Where  the  fireproof-floor  system  is 
of  special  construction,  that  is,  different  from  the  standard 
commercial  construction,  a  careful  estimate  of  the  dead  load 

For  notice  of  copyri£ht,  see  i>ase  immediately  following  tke  title  pase 
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TABIiE  I 

WEIGHT    OF    MATERIALS 


Name  of  Material 


Aluminum       

Asphalt  pavement  composition  .    . 

Bluestone  

Brass         .  

Brickwork,  in  lime  mortar       

Brickwork,  in  cement  mortar 

Bronze  .... 

Cement,  Portland 

Cement,  Rosendale   .  .  ... 

Concrete,  in  cement 

Copper,  cast    .    .       .  

Earth,  dry  and  loose 

Earth,  dry  and  moderately  rammed      .    . 

Gneiss,  common 

Gneiss,  in  loose  piles 

Granite  

Gravel  

Iron,  cast     

Iron,  wrought    .       .    .  

Lead,  commercial  cast  ... 

Limestone 

Marble      .  

Masonry ,  granite  or  limestone 

Masonry,  granite  or  limestone  rubble    . 
Masonry,  granite  or  limestone  dry  rubble 
Masonry,  sandstone  ...  ... 

Mortar,  hardened  

Quartz,  common  pure         

Sand,  pure  quartz,  dry 

Sandstone ,  building,  dry 

Slate  .    .  

Snow,  fresh  fallen 

Steel,  structural 

Terra  cotta 

Terra-cotta  masonry  work  

Tile 


Averagre  Weight 


Pounds 
per  Cu.  In. 


.og6 


.302 


•  319 


•319 


.260 
.277 
.412 


.283 


Pounds 
per  Cu.  Ft. 


166 
130 
160 

523 

120 

130 

552 
80  to  100 
56  to  60 

140 

550 

72  to  80 

90  to  100 

168 

96 

165  to  170 
117  to  125 

450 
480 
712 
170 
164 

165 

150 

138 
145 

go  to  100 

165 

90  to  106 

144  to  151 

160  to  180 

5  to  12 

490 

no 

112 

no  to  120 


NoTK.—While  it  is  not  necessary  for  the  student  to  memorize  all 
of  this  table,  it  is  well  to  keep  in  mind  the  weights  of  the  materials 
printed  in  Italics. 
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TABLE    II 
WEIGHT    OF    MATERIALS 


Name  of  Material 


Average 
Weight  per 
Square  Foot 

Pounds 


Corrugated  galvanized  iron  No.  20,  unboarded 

Copper,  i6-ounce,  standing  seam 

Felt  and  asphalt,  without  sheathing 

Glass,  i  inch  thick 

Hemlock  sheathing,  i  inch  thick 

Lead,  about  i  inch  thick 

Lath-and-plaster  ceiling  (ordinary) 

Mackite,  i  inch  thick,  with  plaster 

Neponset  roofing  felt,  2  layers 

Spruce  sheathing,  i  inch  thick 

Slate,  A  inch  thick,  3  inches  double  lap  ..... 

Slate,  8  inch  thick,  3  inches  double  lap 

Shingles,  6   inches  by     18   inches,   one-third  to 

weather 

Skylight  of  glass,  A  inch  to  i  inch,  including 

frame 

vSlag  roof,  4-ply 

Tin,  IX 

Tiles,  102  inches  by  64  inches  by  I  inch;  si  inches 

to  weather  (plain) 

Tiles,  i4i  inches    by    102    inches;    74    inches  to 

weather  (Spanish) 

White-pine  sheathing,  i  inch  thick 

Yellow-pine  sheathing,    i  inch  thick 


2i 
li 
2 

if 
2i 

to 
to 


2 

61 
4* 


to  10 
4 

A 
4 


22 

4 


per  square  foot  of  floor  surface  should  be  made.  The  vol- 
ume of  all  materials  that  are  measured  by  the  cubic  inch 
or  cubic  foot  should  be  obtained  by  the  rules  and  methods  in 
Geometry  and  Mensuration,  and  the  load  obtained  by  multiply- 
ing by  the  unit  weights  of  the  materials  found  in  Table  I. 
The  area  covered  by  materials,  such  as  flooring,  sheathing. 
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roof  covering,  etc.,  that  are  measured  by  the  square  foot, 
should  be  computed  and  multiplied  by  the  weight,  per  square 
foot,  given  in  Table  II,  to  obtain  the  load. 

In  making  calculations  for  the  dead  load  of  floors  where 
the  section  through  the  floor  shows  irregularities  in  thick- 
ness and  consequently  in  volume  and  weight,  it  is  necessary 
to  consider  the  section  through  a  panel,  which  is  the  space 
between  two  floor  beams.     The  section  of  the  floor  is  taken 


Fig.  1 

1  foot  in  depth,  as  designated  at  xy,  Fig.  1,  so  that  when 
the  entire  weight  of  the  section  has  been  obtained  the 
average  weight  per  square  foot  can  be  found  by  dividing  by 
the  panel  distance,  or  the  distance  between  the  floor  beams. 

Example.— What  is  the  amount  of  dead  load  per  square  foot  of 
floor  surface  on  the  floor  system  shown  in  Pig.  1? 

Solution.— The  sectional  area  of  the  brick  arch  is  practically  equal 
to  the  product  of  the  length  of  the  arc  on  the  center  line  a  6  by  the 
thickness  of  the  arch,  which  in  this  instance  is  4  in.  The  length  of  the 
chord  of  the  arc  a 5  is  47i  in.,  while  the  rise  is  5  in.  From  these 
dimensions  the  length  of  the  arc  on  the  center  line  a  b  may  be  found 
by  substituting  in  the  formula  /  =  4V^'  +  4/^--c^  ^.^^^  .^  Geometry 

and  Mensuration,  in  which  c  equals  the  chord  and  h  the  rise  of  the  arc 
the  value  of  /  is  found  to  equal  ' 

iiiLi><iLS)  +  (4x  5  X  5)  -  47.5 

o =  48.8883  in. 


§5 


LOADS  IN  STRUCTURES 


Then  the  sectional  area  of    the  brick  arch   equals 


48.8883  X  4 
144 


1.358  sq.  ft.  Since  the  calculation  is  for  a  portion  of  the  floor  system 
1  ft.  in  depth  or  length,  the  area  of  the  section  of  the  arch  also  equals, 
numerically,  the  cubical  contents,  so  that  the  weight  of  the  brick  arch 
1  ft.  wide  is  equal  to  1.358  multiplied  by  120,  the  weight  per  cubic  foot 
of  brickwork  laid  in  lime  mortar,  obtained  from  Table  I,  or  162.96  lb. 
The  area  of  the  section  of  the  concrete  is  equal  to  the  area  of  a 
rectangle,  in  this  case  7  in.  X  47i  in.,  from  which  must  be  deducted  the 
area  of  the  segment  of  the  circle  included  between  the  arc  ce  d  and 
the  chord  c  d.     In  order  to  obtain  the  area  of  this  segment  calculate 

the  radius  of  the  arc  ced  hy  applying  the  formula  r  — 


8h 


' ,  given 


in  Geometry  and  Mensuration.  The  quantities  c  and  h  represent,  as 
before,  the  chord  and  the  rise  and  are  equal,  respectively,  to  47.5  in. 
and  4.875  in.     Substituting  these  values  in  the  formula, 

(47.5  X  47.5)  +  (4  X  4.875  X  4.875)  _ 
'^  -  8  X  4.875  -  ^-^^  ""■ 

The  area  of  the  segment  is  equal  to  the  area  of  the  sector  minus  the 
area  of  the  triangle  formed  by  the  chord  and  the  radii,  or,  as  desig- 
nated in  Fig.  2,  the  area  of  the  shaded  portion 
is  equal  to  the  area  c  e  d  o   minus  the  area 
of  the  triangle  cdo.     The  area  of  the  sector 

Ir 
may  be  found  by  the  formula  a  =  -^,  given 

in  Geometry  and  Mensuration,  in  which  / 
equals  the  length  of  the  arc  and  r  the  radius. 
The  arc  cd  has  a  smaller  rise  than  that  of  arc 
ab  and  will  therefore  be  shorter.  Its  length, 
found  by  the  formula  just  given,  is  48.82  in. 
Inserting  this  value  and  that  of  the  radius  in 
the  formula, 


48.82  X  60.29 


=  1,471.68  sq.  in. 


The  area  of  the  triangle  to  be  deducted  from 
the  sector  is  equal  to  one-half  the  product 
of  the  base  and  the  altitude.  From  Figs.  1 
and  2,  the  base  equals  47.5  in.  and  the  altitude 
equals  the  radius  minus  the  rise  of  the  arc,  or  60.29  -  4.875  =  55.415  in., 
and  consequently  the  area  of  the  triangle  crfo,  as  designated  in  Fig.  2,  is 


47.5  X  55.415 


=  1,316.1063  sq.  in.     Since  the  area  of  the  sector  cedo 


equals  1,471.68  sq.  in.  and  the  triangle  cdo  has  an  area  of  1,316.1063 
sq.  in.,  the  area  of  the  segment  ced  equals  the  difference  between  these 
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quantities,  or  155.57  sq.  in.;  hence,  the  area  of  concrete  is  (7  X  47i) 
_  1.55.57  =  176.93  sq.  in.  The  weight,  from  Table  I,  is  140  lb.  per 
cu.  ft.;  since  the  length  of  the  concrete  section  is  1  ft.,  its  weight 
equals  (176.93  H-  144)  X  140  =  172  lb.  The  steel  beam  shown  in  Fig.  1 
weighs  40  lb.  per  lineal  ft.  From  these  calculations,  the  entire  weight 
of  a  panel  section  of  the  floor  system  for  1  ft.  in  length  or  per  lineal 
foot  may  be  itemized  as  follows: 

Weight  of  brick  arch  .    .               .           ...              1  6  2.9  6  lb. 

Weight  of  concrete  .  1  7  2.0  0  lb. 

Weight  of  steel  beam          .    . 

Total  . 

This  amount  is  the  dead  load  on  4  sq 
per  square  foot  is  374.96  -h  4  =  93.74  lb 


4  0.0  0  lb. 
.    .    .  3  7  4.9~6  lb. 

ft.,  and  hence  the  dead  load 
Ans. 


3.  Where  the  floor  construction  is  of  uniform  weight  and 
thickness  throughout,  as  in  mill  construction,  designated  in 
Fig.  3,  the  calculations  for  the  dead  load  can  be  made  directly 
for  1  square  foot  of  floor  surface.  The  size  of  the  girders  or 
floor  beams  is  seldom  known  before  the  dead  load  has 
been  determined,  so  that,  it  is  necessary  to  assume  their  size 


-^  Layers  of  felt. 


-e-O'Center  to  Center - 

Fig.  3 


and  to  add  the  weight  of  the  assumed  girders  or  beams  in 
calculating  the  dead  load.  When  considering  the  amount 
of  dead  weight  supported  by  a  beam  or  girder,  it  is  cus- 
tomary to  consider  the  same  as  made  up  of  one-half  the 
panel  situated  on  either  side  of  the  beam.  After  the  dead 
load  has  been  found  and  the  size  of  the  girder  accurately 
determined,  the  assumed  weight  can  be  checked  by  the 
actual  weight. 
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ExAMPLB.— In  Fig.  3,  what  is  the  total  dead  load  on  the  girder  ^? 

Solution. — The  weight  of  the  materials  per  square  foot  may  be 
obtained  from  Table  II  and  be  tabulated  as  follows : 

Yellow-pine  flooring,  I  in.  thick  .   .       .       .     4    lb.  per  sq.  ft. 

Two  layers  of  felt  .  .  J  lb.  per  sq.  ft. 

Rough  spruce  flooring,  3  in.  thick  .    .        .  6    lb.  per  sq.  ft. 

Assume  the  weight  of  the  girder      .    .       .      8    lb.  per  sq.  ft. 

Total  dead  load  of  floor  surface  ...        181  lb.  per  sq.  ft. 

The  area  of  the  floor  carried  by  the  girder  is  6  X  18  =  108  sq.  ft. 
Then,  108  X  18i  =  1,998  lb.,  the  entire  dead  load  on  the  girder .g.    Ans. 

4.  Dead  Load  on  Roof  Trusses.  —  This  includes  the 
weight  of  the  roof  covering,  sheathing,  and  the  weight  of 
the  roof  trusses.  The  weight  of  the  roof  covering  and  the 
sheathing  may  be  calculated  from  the  unit  weights  given  in 
Table  II.  The  weight  of  the  roof  trusses,  or  principals,  as 
they  are  termed,  is  not  known  until  they  have  been  designed 
and  must  be  assumed  in  the  original  calculation.  The 
weight  of  roof  trusses  depends  on  the  material  of  which  they 
'  are  constructed,  the  span,  and  the  distance  they  are  placed 
apart  and  also  on  the  rise  and  the  type  of  construction, 
though  these  two  latter  factors  are  neglected  in  the  usual 
empirical  formulas. 

The  approximate  weight  of  wooden  and  iron  or  steel  roof 
trusses  may  be  determined  by  the  following  formula: 

W^  aBL  (l+^  (1) 

in  which  W  =  approximate  weight  of  truss,  in  pounds; 

a  =  constant,  for  wood  .50,  for  iron  or  steel  .75; 
D  =  distance,  in    feet,  from  center   to    center    of 

trusses; 
L  =  span  of  the  truss,  in  feet. 
This  formula  may  be  expressed  as  follows: 

Rule. — Multiply  the  constant  for  the  material  of  which  the 
truss  is  composed  by  the  distance,  in  feet,  from  center  to  center  of 
trusses  by  the  span  of  the  truss,  in  feet;  the  product  of  this  result 
and  1  plus  one-tenth  of  the  span  of  the  truss,  in  feet,  is  the  approx- 
imate weight  of  the  truss,  in  pounds. 
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5.  After  the  weight  of  the  principals,  or  roof  trusses,  has 
been  determined  by  formula  1,  it  is  usual,  in  order  to  find  the 
panel  loads,  or  weight  created  at  the  connections  of  the  truss, 
to  determine  what  weight  per  square  foot  of  roof  surface  it 
is  necessary  to  add  to  the  weight  of  the  covering  in  order  to 
provide  for  the  weight  of  the  principals  or  trusses.  This 
weight  may  be  found  by  dividing  IV,  as  determined  from 
formula  1,  by  the  actual  area  on  the  slope  of  the  roof  sup- 
ported by  one  truss,  or,  it  may  be  determined  directly  from 
the  following  formula,  which  is  evolved  from  formula  1  by 
dividing  hy  D  L  sec  x;  this  expression  represents  twice  the 
length  of  the  slope  multiplied  by  the  distance  from  center  to 
center  of  trusses.  The  value  w,  or  the  approximate  weight 
of  the  truss  in  pounds  per  square  foot  of  roof  surface,  can  be 
obtained  from  the  following  formula: 

w  =     ;      ^ — '-  (2) 

10  sec  X 

in  which  a  and  L  have  the  same  values  as  above  and  x  equals  ^ 
the  angle  of  rafter  member  with  horizontal. 

This  may  be  stated  in  the  form  of  a  rule  as  follows: 
Rule. — Multiply  the  co7istant  by  10  plus  the  span  of  the 
truss,  in  feet;  divide  this  product  by  10  times  the  secant  of  the 
angle  that  the  rafter  member  makes  with  the  horizontal,  which 
gives  the  approximate  weight  of  the  truss,  in  pounds  per  square 
foot  of  roof  surface. 

Example.— Determine  the  weight,  per  square  foot,  that  it  is  neces- 
sary to  add  to  the  weight  of  the  roof  covering  to  provide  for  the 
weight  of  the  principals,  when  the  steel  trusses  have  a  span  of  72  feet 
and  a  rise  of  18  feet. 

Solution.— The  roof  slope  has  a  pitch  of  6  in.  for  every  foot 
horizontal  and  the  angle  x  of  the  slope  with  the  horizontal  is  found 
from  Table  VH  to  be  26°  33'.     The  sec  x  =  hypotenuse  -  adjacent 

side  or  sec  x  = ^^ =  nig.     The  hypotenuse  in   this  case  is 

identical  with  the  roof  slope,  the  length  of  which  is  found  by  the 
formula:    hypotenuse'   =   (^^^^^y^  rise'   ^  36=  ^  ^g.        ^,^^   ^. 


:;ypote- 
formula.  '""     '   ""  '  ™"""  "''""'  "^^    ''^^°  '"^erted  in  the 


nuse  IS  therefore  ^36'  -f  18',  which  value  has    been  inserted  it 
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The  secant  x  may  also  be  found  by  means  of  the  formula:     sec  x 
;   cos  26°  33'  being  .8945,  sec  jr  =      ^ 


=  1.118.     Substitu- 


cos   X'  ~    "  " '  —  "         .8945 

ting  the  values  ot  a,  L,  and  sec  x  in  formula  2. 

.     .75  (10  +  72)        _  .  ,.        . 
"'=     10X1.118    -^•^"^-    ^°^- 

From  formula  2,  the  following  table  has  been  calculated. 
It  gives  the  weight  that  it  is  necessary  to  add  to  a  square 

TABIiE  III 

WEIGHT    OF    HOOF    TRUSSES 


w  =  — ^ =  Form.  2 

lo  sec  X 

Span 
Feet 

Pounds  per  Square  Foot  of 
Roof  Surface 

Character  o£  Truss 

i  Pitch 

i  Pitch 

i  Pitch 

i  Pitch 

Wood          .       ... 

30 

1-417 

1-63 

1.79 

1.90 

35 

1.588 

1.87 

2.01 

2.13 

40 

1.764 

2.08 

2.24 

2.37 

45 

1. 941 

2.29 

2.46 

2.61 

50 

2. 115 

2.49 

2.68 

2.85 

■55 

2.293 

2.70 

2.91 

3.08 

6o 

2.470 

2.91 

3-13 

3-32 

65 

2.646 

3.12 

3-35 

3-56 

70 

2.823 

3-33 

3-58 

3-80 

75 

2.999 

3.54 

3.80 

4-03 

80 

3.176 

3.75 

4-03 

4.27 

Iron  or  steel      

30 

2. 117 

2-45 

2.69 

2.8s 

35 

2.382 

2.81 

3-02 

3-20 

40 

2.647 

3.12 

3-35 

3-56 

45 

2. 911 

3-44 

3-69 

3-92 

50 

3-176 

3-74 

4.02 

4.28 

55 

3-440 

4-05 

4-37 

4.62 

60 

3.705 

4-37 

4.70 

4.98 

6S 

3-965 

4.68 

5-03 

5-34 

70 

4-235 

5-00 

5-37 

5-70 

75 

4.499 

5-31 

5-40 

6.0s 

80 

4.764 

5. 63 

6.05 

6.41 
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foot  of  roof  covering  in  order  to  provide,  in  the  amount  of 

the  unit  dead  load,  for  the  weight  of  the  principals  or  trusses. 

The  term  pitch  used  in  Table   III  may  have  more  than 

risG  ris6 

one  interpretation;    it  may  be  the  quotient  — —  or  — — . 

^~ 

rise 
Throughout  this  Course  it  will  mean:    .     For  instance, 

T  pitch  means  a  rise  one-fourth  of  the  total  span;  i  pitch  a 
rise  one-sixth  of  the  total  span,  etc. 


EXAMPLES    FOB    PRACTICE 

1.  A  2"  X  3"  wrought-iron  bar  is  36J  inches  long.  What  is  its 
weight?  Ans.  60.66  lb. 

2.  The  outside  diameter  of  a  cast-iron  column  is  10  inches,  and  the 
thickness  of  the  material  composing  the  column  is  f  inch.  What  is 
its  weight  per  foot  of  length?  Ans.  68  lb. 

3.  The  wall  of  a  brick  building,  laid  in  cement  mortar,  is  24  inches 
thick,  36  feet  high,  and  100  feet  long;  in  it  are  located  20  window 
openings,  2  feet  6  inches  wide  by  6  feet  high.  What  is  the  weight  of 
this  wall?  Ans.  858,000  lb. 

4.  What  is  the  weight  of  a  structural  steel  angle  6"  X  6"  X  i"  X  20' 
long?  Ans.  390.54  lb. 

5.  The  roof  of  a  building  is  made  of  No.  20  corrugated  galvanized 
iron,  laid  on  1-inch  spruce  boarding.  What  is  the  weight  of  the  roof 
covering  per  square  foot?  Ans.  4^  lb. 

6.  What  will  be  the  difference  in  weight  per  square  foot  between 
a  4-ply  slag  roof,  laid  on  3-inch  tongued-and-grooved  yellow-pine 
planking,  and  a  ii,-inch  slate  roof  laid  on  2-inch  hemlock  sheathing, 
covered  with  Neponset  roofing  felt,  two  layers  thick?  Ans.  3|  lb. 

7.  The  span  of  a  steel  roof  truss  is  40  feet,  and  its  rise  10  feet. 
Referring  to  Table  III,  what  weight  per  square  foot  of  roof  surface 
should  be  assumed  so  as  to  allow  for  the  weight  of  the  principal  or 
root  truss?  Ans.  3.35  lb. 

LIVE    LOAD 

6.  Besides  the  dead  load,  which  includes  the  weight  of  all 
the  material  used  in  the  structure  itself,  there  is  a  load  due 
to  the  weight  of  people,  machinery,  and  merchandise;  this 
load  is  called  the  live  load.  The  live  load  comprises  people 
in   the  building,  furniture,  movable  stocks  of   goods,  small 
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safes,  and  varying  weights  of  any  character.  Large  safes 
and  extremely  heavy  machinery  require  some  special  pro- 
vision, usually  embodied  in  the  construction.  Table  IV  gives 
the  live  loads  per  square  foot,  recommended  as  good  practice 
in  conservative  building  construction. 

TABLE    IV 


Character  of  Building 

Pounds 

Dwellings 

70 
70 

Offices    

Hotels  and  apartment  houses 

Theaters - 

70 
120 

Churches 

Ballrooms  and  drill  halls 

Factories 

Warehouses 

120 

120 

from  150  up 

from  150  to  250  up 

The  load  of  70  pounds  will  probably  never  be  realized  in 
dwellings;  but  inasmuch  as  a  city  house  may,  at  times,  be 
used  for  some  purpose  other  than  that  of  a  dwelling,  it  is  not 
generally  advisable  to  use  a  lighter  load.  In  the  case  of  a 
country  house,  a  hotel,  or  a  building  of  like  character,  where 
economy  demands  it,  and  its  actual  use  for  a  long  time,  for 
some  fixed  purpose,  is  almost  certain,  a  live  load  of  40  pounds 
per  square  foot  of  floor  surface  is  ample  for  all  rooms  not 
used  for  public  assembly. 

For  rooms  thus  used,  a  live  load  of  80  pounds  will  be  suf- 
ficient, experience  having  demonstrated  that  a  floor  cannot  be 
crowded  to  more.  If^the  desks  and  chairs  are  fixed,  as  in  a 
schoolroom  or  church,  a  live  load  of  more  than  40  to  50 
pounds  will  never  be  attained.  Retail  stores  should  have  floors 
proportioned  for  a  live  load  of  100  pounds  and  upwards. 
Wholesale  stores,  machine  shops,  etc.,  should  have  the  floors 
proportioned  for  a  live  load  of  not  less  than  150  pounds  per 
square  foot.  The  floors  of  printing  houses  and  binderies, 
especially  where  the  accumulation  of  heavy  stock,  such  as 
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bound  volumes  and  calendered  paper,  is  likely  to  occur, 
should  be  proportioned  for  a  live  load  of  at  least  250  pounds 
per  square  foot.  Special  provision  should  be  made  in  floor 
systems  for  heavy  presses,  trimmers,  and  cutters  and  the 
beams  should  be  proportioned  for  twice  the  static  load  likely 
to  occur  from  such  machines. 

The  static  load  in  factories  seldom  exceeds  40  to  50 
pounds  per  square  foot  of  floor  surface,  and,  therefore, 
in  the  majority  of  cases,  a  live  load  of  100  pounds, 
including  the  effects  of  vibrations  due  to  moving  machin- 
ery, is  ample.  The  conservative  rule  is,  in  general,  to 
assume  loads  not  less  than  the  above,  and  to  proportion  the 
beams  so  as  to  avoid  excessive  deflection.  Stiffness  is  as 
important  a  factor  as  strength. 

7.  Warehouse  Floors. — In  the  design  of  warehouse 
floors,  the  character  of  the  material  to  be  stored  should 
always  be  considered  and  the  data  should  be  obtained  regard- 
ing the  manner  of  storing,  the  bulk  of  the  packages,  and  the 
weight  of  the  load  per  square  foot.  With  the  view  of  furnish- 
ing reliable  data  to  manufacturers,  architects,  and  engineers, 
the  Boston  Manufacturers'  Mutual  Fire  Insurance  Company 
has  prepared  from  its  extensive  experience  the  following  table, 
which  gives  the  greatest  possible  loads  that  can  be  placed  on 
warehouse  floors,  with  the  usual  system  of  loading,  and  the 
space  that  the  merchandise  occupies.  Where  the  floor  space 
and  the  cubical  contents  of  the  load  are  given  in  the  table, 
the  height  of  the  load  above  the  finished  floor  may  be 
obtained  by  dividing  the  volume  of  the  load  by  the  floor  area 
covered.  For  instance,  the  floor  space  occupied  by  white 
linen  rags  in  a  bale  is  8.5  square  feet,  and  the  cubical  con- 
tents are  39.5  cubic  feet;  then  the  height  of  the  loading  is 
39.5  -i-  8.5  =  4.65  feet.  It  is  unusual  and  hardly  possible,  in 
the  absence  of  hoists,  to  place  such  materials  on  the  floor 
more  than  one  bale  in  thickness,  and  the  same  thing  applies 
to  merchandise  in  barrels  on  the  side  and  end.  Where  no 
data  other  than  the  weight  per  cubic  foot  is  given  in  the 
table,  it  signifies  that  the  possible  height  of  the  load  is  only 
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limited  by  the  height  of  the  room,  or  the  headroom,  as  it  is 
called.  With  a  live  load  of  such  merchandise,  the  floor 
system  must  be  desi£fned  for  the  maximum  load,  which  con- 
sists of  the  weight  of  the  merchandise  covering  the  entire 
floor  area  to  a  depth  of  not  less  than  6  feet. 

The  building  ordinances  of  the  principal  American  cities 
are  particularly  emphatic  with  reference  to  warehouse  floors. 
For  instance,  the  building  laws  of  Greater  New  York 
stipulate  that,  in  all  warehouses,  storehouses,  factories, 
workshops,  and  stores  where  heavy  materials  are  kept  and 
stored,  or  machinery  introduced,  the  weight  that  each  floor 
will  safely  sustain  upon  each  superficial  foot,  or  upon  each 
varying  part  of  such  floor,  shall  be  estimated  by  the  owner 
or  occupant,  or  by  a  competent  person  employed  by  the 
owner  or  occupant. 

Such  estimate  shall  be  reduced  to  writing  or  printed 
forms,  stating  the  material,  size,  distance  apart,  and  span  of 
beams  and  girders,  posts  or  columns  to  support  floors,  and 
its  correctness  shall  be  sworn  to  by  the  person  making  the 
same;  it  further  being  required  that  this  estimate  shall  be 
filed  in  the  office  of  the  Department  of  Buildings. 

But  if  the  commissioners  of  buildings  shall  have  cause  to 
doubt  the  correctness  of  said  estimate,  they  are  empowered 
to  revise  and  correct  the  same,  and  for  the  purpose  of  such 
revision  the  officers  and  employes  of  the  Department  of 
Buildings  may  enter  any  building  and  remove  so  much  of 
any  floor  or  other  portion  thereof  as  may  be  required  to  make 
necessary  measurements  and  examination. 

When  the  correct  estimate  of  the  weight  that  the  floors  in 
any  such  buildings  will  safely  sustain  has  been  ascertained  • 
as  herein  provided,  the  Department  of  Buildings  shall 
approve  the  same.  Thereupon  the  owner  or  occupant  of 
safd  building,  or  any  portion  thereof,  shall  post  a  copy  of 
such  approved  estimate  in  a  conspicuous  place  on  each 
story  or  varying  parts  of  each  story  of  the  building  to  which 
it  relates.  No  person  shall  place  on  any  floor  of  any  build- 
ing any  greater  load  than  the  safe  load  as  correctly  estimated 
and  ascertained. 
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Example.— What  will  be  the  entire  live  load  coming  on  a  large 
girder  supporting  a  portion  of  a  church  floor,  if  the  floor  area  to  be 
supported  is  600  square  feet? 

SOLDTION.— From  the  list  given  in  Table  IV,  120  lb.  is  usually  con- 
sidered safe  for  a  live  load  in  a  church.  Therefore,  600  X  120 
=  72,000  lb.,  the  total  live  load  on  the  girder.     Ans. 


EXAMPLES    FOB    PRACTICE 

1.  What  will  be  the  entire  live  load  on  the  floor  of  a  church 
50  feet  by  120  feet?  Ans.  720,000  lb. 

2.  What  live  load  will  a  joist  in  a  city  dwelling  be  required  to  bear, 
the  distance  between  centers  being  14  inches,  and  the  span  of  the  joist 
20  feet?  "  Ans.  1,633  lb. 

3.  A  steel  beam,  supporting  a  portion  of  the  floor  in  an  office 
building,  sustains  an  area  of  80  square  feet.  What  will  be  the  live 
load  coming  on  the  beam?  Ans.  5,600  lb. 

4.  A  warehouse  used  for  the  storage  of  South  American  wool  is 
40  feet  wide  and  80  feet  long  inside.  The  girders  extend  across  the 
building  and  divide  it  lengthwise  into  5  bays;  provided  the  floor  con- 
struction and  the  girders  weigh  20  pounds  per  square  foot  of  surface, 
what  is  the  total  dead  and  live  load  on  each  girder?      Ans.  104,320  lb. 


8.  In  proportioning  the  live  loads  on  floors,  the  archi- 
tectural engineer  cannot  always  exercise  his  own  judgmeiit, 
for  if  the  building  is  to  be  erected  in  a  large  city,  the  live 
load  must  comply  with  the  building  laws.  As  these  are  not 
uniform  in  the  several  cities  the  following  table  is  given  to 
show  the  stipulated  live  loads  in  the  four  largest  cities  in 
the  United  States: 
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TABLE    VI 

THE    ALLOWABLE    LIVE    LOADS    ON    FLOORS    IN  DIFFERENT 

CITIES 


Pounds  per  Square  Foot 

Character  of  Building 

New  York 

Philadelphia 

Chicago 

Boston 

Buildings  for  public  assembly  . 

go 

100 

120 

150 

Buildings   for    ordinary   stores, 

light  manufacturing,  and  light 

storage    ... 

120 

100 

120 

Dwellings,    apartment    houses, 

hotels,    tenement    houses,   or 

lodging   houses              .    . 

60 

40 

70- 

50 

Ofifice  buildings,  first  iloor 

150 

100 

too 

100 

Office  buildings,  above  first  floor 

75 

100 

100 

100 

Public  buildings,  except  schools 

150 

Roofs,  pitch  less  than  20° 

50 

25 

30 

25* 

Roofs,  pitch  more  than  20" 

30 

25 

30 

25* 

Schools  or  places  of  instruction 

75 

80 

Stables  or  carriage  houses  less 

than  500  square  feet  in  area  .    . 

75 

40 

Stables  or  carriage  houses  more 

than  500  square  feet  in  area  .    . 

75 

100 

Stores  for  heavy  materials,  v^are- 

houses,  and  factories 

150 

150 

250 

Sidewalks  .                   

300 

Note. — In  this  table  the  values  given  for  roofs  are  not  live  loads, 
for  a  snow  load  can  hardly  be  classified  with  live  loads.  The  roof 
loads,  in  the  last  column,  marked  with  the  asterisk  (*) ,  do  not  include 
the  wind  load,  and  the  building  laws  of  Boston  require  that  a  proper 
allowance  for  the  wind  load  exerting  a  pressure  of  30  pounds  per 
square  foot  of  vertical  surface  shall  be  made  in  designing  roofs. 


SNOW  AND  WIND  LOADS 

9.  In  calculating  the  weight  on  roofs,  there  are  two 
other  loads  always  to  be  considered  when  obtaining  the 
stresses  on  the  various  members  of  the  truss;  these  are  stiow 
and  wind  loads.  When  the  roof  is  comparatively  flat,  that 
is,  when  the  rise  of  the  roof  is  under  12  inches  per  foot  of 
horizontal  distance,  the  snow  load  is  estimated  at  12  pounds 
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per  square  foot;  for  roofs  that  have  a  steep  slope,  or  a  rise 
of  more  than  12  inches  per  foot  of  horizontal  distance,  it  is 
good  practice  to  assume  the  snow  load  to  be  8  pounds  per 
square  foot.  In  northern  climates,  such  as  Canada,  snow 
loads  50  per  cent,  greater  than  the  above  should  be  assumed. 

10.  Wind  Pressure. — The  wind  pressure  depends  on 
the  velocity  with  which  the  air  is  moving.  United- States 
Government  tests  have  determined  that  the  pressure  per 
square  foot  on  a  vertical  surface  is  approximately  represented 
by  the  formula 

p  =  .004  V  (3) 

in  which  p  =  pressure,  in  pounds  per  square  foot,  of  vertical 
surface; 
V  =  velocity  of  wind,  in  miles  per  hour. 
This  formula  may  be  expressed  in  a  rule  thus: 

Rule. — The  wind  pressure,  in  pounds  per  square  foot  of 
vertical  surface,  is  obtained  by  multiplying  the  square  of  the 
velocity  of  the  wind,  in  miles  per  hour,  by  .004. 

The  velocity  of  the  wind  varies  from  a  pleasant  breeze  of 
2  or  3  miles  per  hour  to  a  violent  hurricane  or  tornado  of 
100  or  more  miles  per  hour.  Careful  records,  extending 
over  a  period  of  years,  show  that  the  velocity  of  the  wind 
seldom  attains  100  miles  per  hour;  probably  not  more  than 
once  in  the  lifetime  of  the  structure.  In  cyclonic  storms, 
the  velocity  of  the  wind  greatly  exceeds  100  miles  per  hour, 
and  structures  cannot  be  built  that  will  withstand  their  fury. 

By  applying  formula  3,  it  will  be  found  that  a  wind  having 
a  velocity  of  100  miles  per  hour  will  exert  a  pressure  of  40 
pounds  per  square  foot  of  vertical  surface  and  this  is  the 
pressure  usually  assumed  by  conservative  engineers  in  pro- 
viding for  the  resistance  to  wind  pressure  on  structures. 
However,  where  the  surface  is  of  great  area,  as  the  side  of 
a  large  office  building,  a  pressure  of  30  pounds  per  square 
foot  is  considered  ample;  for,  the  average  unit  pressure  on 
a  large  surface  is  never  so  great  as  the  maximum  unit  pres- 
sure on  a  small  surface. 


§5 
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11.  Curved  surfaces,  such  as- would  be  presented  by  cir- 
cular towers  and  stacks,  and  flat  surfaces  not  in  a  vertical 
plane,  as  roofs,  are  subjected  to  less  pressure  than  flat 
vertical  surfaces.  The  pressure  on  a  cylindrical  surface  is 
about  one-half  the  pressure  on  a  flat  surface  having  the  same 
width  as  the  diameter  of  the  cylinder  and  the  same  height. 

12.  On  roofs  the  wind  pressure  is  always  assumed  as 
acting  normal  (that  is,  perpendicular)  to  the  slope.  In  Fig.  4, 
the  outline  a6c  oi  a  roof  is 

shown;  the  force  d  is  nor- 
mal to  the  slope  a  6,  and 
represents  the  assumed 
pressure  of  the  wind  on 
the  roof.  The  wind  gen- 
erally acts  in  a  horizontal 
direction,  as  shownby  the 
full  arrow  e.  The  reason 
for  assuming  the  force  d 
instead  of  e  as  the  active  fig.4 

wind  pressure  is  for  con- 
venience in  determining  the  stresses  in  the  members  of  a 
roof  frame  or  truss,  which  is  explained  in  Graphical  Statics. 
At  present  it  may  suffice  to  say  that  in  order  to  estimate 
the  effect  of  the  force  e,  it  is  supposed  to  consist  of  two 

\ 


Fig.  5 

components,  one  of  which  is  the  force  d  and  the  other  a  force 
acting  upwards  and  in  a  direction  parallel  with  the  slope. 
The  latter  is  not  taken  into  consideration.  The  wind,  blow- 
ing with  a  horizontal  presstire  of  40  pounds,  strikes  the  roof 
at  an  angle;  consequently,  the  pressure  d,  normal  to  the  slope, 
is  considerably  less  than  40  pounds,  unless  the  slope  of  the 
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roof  is  very  steep.  Referring  to  Figs.  4  and  5,  it  is  clear 
that  the  horizontal  force  e  of  the  wind  on  the  slope  of  the 
roof,  shown  in  Fig.  4,  is  almost  as  intense  as  on  a  vertical 
surface;  on  the  extremely  flat  roof  in  Fig.  5,  however,  the 
wind  exerts  hardly  any  force  normal  to  the  slope,  because  it 
strikes  the  slope  at  such  an  acute  angle,  and  therefore  has  a 
tendency  to  slide  along  its  surface.  The  more  acute  the 
angle  between  the  lines  e  and  d,  the  greater  the  pressure 
normal  to  the  slope;  whereas,  the  greater  the  angle,  the  less 
the  pressure  normal  to  the  slope,  until  they  approximate  a 
right  angle  with  each  other,  when  the  pressure  on  the  roof 
may  be  disregarded.  In  the  design  of  roof  trusses  a  horizontal 
wind  pressure  of  40  pounds  per  square  foot  is  usually  assumed. 

13.  All  necessary  data  for  calculating  the  wind  pressure 
on  a  roof  are  given  in  Table  VII,  but  it  may  be  interesting 
to  the  student  to  know  how  the  results  given  therein  are 
obtained,  and  therefore  the  following  explanation  is  offered. 
The  pressure  normal  to  the  slope  is  generally  determined  by 
what  is  known  as  Hutton's  formula.  This  formula  is 
trigonometric,  and  may  be  expressed  as  follows: 

J.  J^l    ^-«        1.8*  coax- 1  i  A\ 

p  =  p   Sin  X  (4; 

in  which  p  =  pressure,  in  pounds  per  square   foot,  normal 
to  slope  of  roof;  • 
p'  =  wind  pressure,  in  pounds  per  square  foot,  of 

vertical  surface; 
X  =  internal  angle  of  roof  with  the  horizontal. 
This  formula  may  be  expressed  as  follows: 

Rule. — Tke  pressure,  in  pounds  per  square  foot,  normal  to  the 
slope  of  the  roof  is  equal  to  the  product  of  the  wind  pressure,  in 
pounds  per  square  foot  of  vertical  surface,  and^  the  sine  of  the  angle 
that  the  roof  slope  makes  with  the  horizontal,  having  an  exponent 
of  1.84  times  the  cosine  of  the  same  angle,  mimis  1. 

For  further  explanation  and  application  of  the  formula, 
assume  a  roof  slope  of  30°  and  the  usual  horizontal  wind 
pressure  of  40  pounds  per  square  foot.  The  formula 
becomes,    on    substitution,    ;!>  =  40   sin    39° >■"=■»»»'- '     and 
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since  sin   30°   equals   .5000   and  cos  30°   equals   .86603,   by 


further     substitution    p  =  40  =  .5000 


P  =  40 


X  .5000'    ".     Referring  to  any  logarithmic  table,  the  calcu- 
lation for  this  last  expression  is  as  follows: 

Log  .5000  =  1.69897  and  1.69897  X.  .5935  =  -.1787 

Then,  log  40  =  1.6  0  20  6 

-.17870 
.1.4233  6 

The  number  corresponding  to  this  logarithm  is  26.5  +  ,  the 
value  of  p  or  the  pressure  in  pounds  per  square  foot  normal 
to  the  slope  of  the  roof. 

The  following  table,  which  gives  the  normal  wind  pressure 
on  roofs  of  different  slopes,  has  been  calculated  for  a  hori- 
zontal wind  pressure  of  40  pounds  per  square  foot  for  the 
benefit  of  those  who  are  not  familiar  with  logarithms: 

TABLE     VII 
WIND    PRESSURE     NORMAL    TO    THE    SLOPE    OF    ROOF 


Rise 

Angle  of 
Slope  With 
Horizontal 

Pitch, 

Proportion 

of  Rise 

to  Span 

Wind 

Pressure 

Normal  to 

Slope 

Pounds 

perSq.Ft. 

4  inches  per  foot  horizontal.  . 

6  inches  per  foot  horizontal.  . 

8  inches  per  foot  horizontal.  . 
12  inches  per  foot  horizontal.  . 
1 6  inches  per  foot  horizontal.  . 
1 8  inches  per  foot  horizontal.  . 
24  inches  per  foot  horizontal.  . 

18°  2S' 
26°  33' 
33"  42' 
45°    0' 
53^^     / 
S6°  20' 
63°  2/ 

i 
i 

i 

i 
2 

2 
3 

A 

i 

I 

16.8 

23-7 
29.1 
36.1 
38.7 
39-3 
40.a 

14.  A  diagram  of  the  formula  for  obtaining  the  wind 
pressure  normal  to  the  slope,  such  as  shown  in  Fig.  6,  is 
interesting  and  provides  a  convenient  means  of  determining 
the  amount  of  the  pressure  for  any  slope.  This  may  be 
found  by  projecting  the  point  which  represents  the  upper 
end  of  the  slope  on  the  arc  horizontally,  until  it  intersects 
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the  curve  of  normal  pressure;  the  multiplier  directly  under 
this  point  multiplied  by  the  assumed  wind  pressure  on  a 
vertical  surface  will  give  the  normal  pressure  for  the  given 


W/ND  PRESS  UffE  ON  INCUNED  SUff  FACES 


/tfjff/e  of  S/ope 


Can/e  of  No f ma  I  Pressure 


Multiplier       O      .1      .Z      .3      .4-      :S      .ff      .7      .8      .9      W 


Fig.  6 


slope.     For  instance,  assume  that  it  is  desired  to  obtain  the 
normal  pressure  on  a  roof  whose  slope  forms  an  angle  of  35° 


with  the  horizontal;  mark  off  35°  on  the  arc  and  project  this 
point  horizontally  until  it  intersects  the  curve  of  normal 
pressure,  then  note  the  value  of  the  multiplier  directly  under 
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the  point  of  intersection,  which  in  this  case  is  .75.  Assuming 
a  wind  pressure  of  40  pounds  per  square  foot  on  a  vertical 
surface,  the  normal  pressure  is  found  to  be  40  X  .75  =  30 
pounds  per  square  foot. 

15.  In  order  to  more  fully  explain  Table  VII  assume  the 
conditions  shown  in  Fig.  7.  The  rise  in  the  slope  ad  is 
6  inches  for  every  12  inches  on  the  horizontal  line  a  c;  for 
instance,  at  4  feet  from  a  on  the  horizontal  line  a  c,  the  rise 
is  four  times  6  inches,  or  2  feet,  the  angle  included  between 
the  line  of  slope  a  b  and  the  horizontal  base  line  ac  is  26°  33', 
and  the  pressure  normal  to  the  slope,  according  to  Table  VII, 
is  23.7  pounds  per  square  foot.  Since  the  rise  at  the  center 
is  equal  to  one-half  the  length  of  one-half  the  span,  the  total 
rise  is  one-quarter  of  the  span.  Under  these  conditions,  the 
pitch  of  the  roof,  that  is,  the  ratio  of  the  rise  to  the  span,  is 
4,  and  the  roof  is  said  to  be  -k pitch. 

Example. — [a)  What  will  be  the  dead  load  per  square  foot  of  roof 
surface,  on  a  roof  with  a  12-inch  rise  per  foot  horizontal,  the  span 
of  the  trusses  being  50  feet,  the  roof  covering  1-inch  white-pine  sheath- 
ing, 2  layers  of  Neponset  roofing  felt,  and  g-inch  slate  3-inch  lap? 

(b)  What  will  he  the  wind  pressure  per  square  foot  normal  to  the  slope? 

(c)  If  the  roof  trusses  are  placed  12  feet  apart,  what  will  be  the  entire 
dead  load  on  one  tru.ss?  Fig.  8  shows  a  plan  with  elevation  and 
detail  section  of  the  roof. 

Solution. — [a)  It  is  first  necessary  to  obtain  the  length  of  the  line 
of  slope  a  b\  this  is  done  by  calculating  the  hypotenuse  of  the  triangle, 
or  by  laying  the  figure  out  to  scale  and  measuring.  In  T:his  case  it  is 
found  that  ab  measures  about  35  ft.  4  in.,  equal  to  35.33  ft.  The  area 
of  the  roof  supported  by  one  truss  is  2  X  35.33  X  12  =  847.92  sq.  ft. 
By  referring  to  Table  III,  it  is  seen  that  the  approximate  weight  of  a 
roof  truss  of  i  pitch  and  with  a  span  of  50  ft.  is  3.176  lb.  per  sq.  ft.  of 
roof  surface.  Using  the  approximate  value  of  3.2  lb.,  the  dead  load 
per  square  foot  of  roof  surface  is,  then,  as  follows: 

Weight  of  supporting  truss    .                         .  3.2  lb.  per  sq.  ft. 

Weight  of  white-pine  sheathing,  1  inch  thick  2.5  lb.  persq.  ft. 

Weight  of  2  layers  of  Neponset  roofing  felt  .  .5  lb.  per  sq.  ft. 

Weight  of  slate  (i  inch  thick)       ...        .  4.5  lb.  per  sq.  ft. 

Total      .  ...       10.7  lb.- per  sq.ft. 

The  weight  of  the  purlins  supporting  the  sheathing  has  not  been 
estimated  in  the  above,  it  being  safe  in  this  case  to  assume  that  the 
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weight  used  for  the  principals,  or  trusses,  is  sufficient  to  cover  this 
item.  A  snow  and  accidental  load  of  12  lb.  per  sq.  ft.  of  roof  surface 
should  also  be  added  to  the  dead  load  to  get  the  entire  vertical  load 
on  the  roof. 

(4)     The  wind  pressure  normal  to  the  slope  of  this  roof,  according 
to  Table  VII  for  a  i-pitch  roof  is  36.1  lb.,  say  36  lb.  per  sq.  ft.     Ans. 


iz-rt. 


Elevation  of  Hoof 
iSlate  3  lap. 
Z-layera  of  Seponaet-Felt 


Plan  of  Boof 


Wood  purlin 


Steel  TruM 


Detail  of  Hoof  Covering 

Pig.  8 

f    ^'\    I.'l^f  ^^  °^  ^^^  """"^  supported  by  one  truss  is,  as  previously 
found    847.92  sq.  ft.,  and  the  dead  load,  10.7  lb.  per  sq.  ft       Then 
847.92  X  10.7  =  9  072.74  lb.  to  be  supported  by  one  truss,  not  inciting 
the  snow  load.    Ans.  "v-^uuiug 

16.     Engineering,  it  must  be  remembered,  is  not  an  exact 
science,   the   results  obtained  depending  more   or  less  on 
the    judgment    and    experience   of    the   designer       When 
for  mstance,  the  wind  is  blowing  a  hurricane,  snow  never 
lodges  on  a  roof,  the  slates,  shingles,  and  sheathing  being 
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themselves  exposed  to  sudden  removal.  If,  therefore,  the 
full  wind  pressure  be  assumed,  the  snow  load  may,  in  most 
cases,  be  neglected,  especially  if  it  is  desired  to  build  an 
economical  roof.  However,  it  is  not  well  for  the  student 
to  make  such  assumptions  until  his  experience  and  judg- 
ment are  sufficiently  developed  to  enable  him  to  make  true 
deductions. 

EXAMPLES    EOK    PRACTICE 

1.  With  the  wind  blowing  at  a  velocity  of  36  miles  per  hour,  what 
is  the  pressure,  in  pounds  per  square  foot  of  vertical  surface? 

Ans.  5.18  lb. 

2.  The  area  of  one  slope  of  a  i-pitch  roof  is  800  square  feet.  What 
is  the  entire  pressure  on  the  slope  of  the  roof,  provided  the  maximum 
horizontal  wind  pressure  is  taken  at  40  pounds  per  square  foot? 

Ans.  28,880  lb. 

3.  In  a  i-pitch  roof  the  trusses  are  20  feet  apart,  and  the  length  of  the 
roof  slope  is  40  feet.  What  wind  load  is  there  on  each  roof  truss,  if  the 
horizontal  pressure  is  40  pounds  per  square  foot?  Ans.  18,960  lb. 

4.  The  purlins  supporting  a  i-pitch  roof  are  placed  6  feet  apart, 
and  the  trusses  are  12  feet  from  center  to  center.  What  is  the  maximum 
load  due  to  the  wind  on  each  purlin,  providing  the  greatest  horizontal 
pressure  is  40  pounds  per  square  foot?  Ans.  2,830  lb. 

5.  The  angle  that  the  slope  of  a  roof  makes  with  the  horizontal  is 
40°.  Provided  the  wind  exerts  a  pressure  of  30  pounds  per  square  foot 
of  vertical  surface,  what  is  the  pressure  normal  to  the  slope? 

Ans.  25.50  lb. 


ACCIDENTAIi  AND  SUDDENLY  APPLIED  LOADS 

17.  Careful  designers  sometimes  make  allowance  for 
the  accidental  load  caused  by  a  heavy  body  falling  on  the 
floor,  or  by  a  mass  of  snow  dropping  from  one  roof  to 
another.  The  latter  may  usually  be  ignored,  because  it  is 
taken  care  of  in  the  factor  of  safety,  within  the  limit  of 
which  every  member  in  the  structure  is  designed. 

Members  subjected  to  suddenly  applied  loads  are  seldom 
encountered  in  building  construction,  and  still  less  frequently 
are  members  required  to  resist  the  effect  of  impact,  or  the 
blow  imparted  by  a  falling  load.  The  beams  supporting 
the  mechanism  at  the  heads  of  elevator  shafts  are  at  times 
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subjected  not  only  to  suddenly  applied  loads  but  also  to 
falling  loads;  therefore,  they  should  always  be  proportioned 
to  withstand  at  least  a  suddenly  applied  load. 

18.  Where  a  load  is  placed  suddenly  on  a  beam,  the 
stress  produced  is  twice  as  great  as  if  the  same  load  had 
been  at  rest;  that  is,  a  beam  to  sustain  a  suddenly  applied 
load  should  have  twice  the  transverse  strength  required  to 
sustain  the  same  load  at  rest. 

A  falling  load  produces  a  much  greater  stress  on  a  beam 
than  a  load  suddenly  applied,  owing  to  the  impact  produced 
by  the  momentum  of  the  falling  body.  It  is  usual  in  con- 
sidering the  effect  of  a  falling  load  on  a  beam  to  determine 
the  amount  of  a  statical  load  that  would  produce  the  same 
results;  the  formula  used  to  accomplish  this  is  as  follows: 

W.=  }v(^l  +  ^^+?j  (5) 

in  which  W^  =  static  load  that  would  produce  same  stress 
in  beam  as  falling  load; 
W  =  falling  load; 
k  =  height  load  falls,  in  inches; 
d  =  deflection  of  beam,  in  inches; 
a  =  constant. 
The  value  of  d  may  be  determined  as  described  in  Beams 
and  Girders,  Part   1,  while  the  value   of  a  must  be  deter- 
mined by  the  formula 

1 


W 


(6) 


in  which  W,  =  combined  weight  of  beam  and  dead  load  that 
it  supports; 
W  =  amount  of  falling  load,  as  before. 
This  may  be  expressed  by  a  rule  as  follows: 

Rule.— 772f  value  of  the  constant  is  equal  to  1  divided  by  the 
sum  of  1  and  .489  times  the  quotient  obtained  by  dividing  the 
combined  weight  of  the  beam  and  the  dead  load  that  it  supports, 
by  the  falling  load. 
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19.     Formula  5  may  be  stated  as  follows: 

Rule. — -To  the  quotient  of  2  times  the  constajit  times  the  dis- 
tance the  load  falls,  in  inches,  divided  by  the  deflection  of  the 
beam  in  inches,  add  1;  the  square  root  of  this  result  is  added  to  1 
and  their  sum  multiplied  by  the  falling  load  gives  the  static  load 
that  will  produce  the  same  strain  in  a  beam  as  the  falling  load. 

Example. — The  drop  test  of  a  fireproof-floor  systeta  is  to  be  made 
by  letting  a  weight  of  300  pounds  fall  through  a  distance  of  3  feet. 
Provided  the  deflection  of  the  floor  beams  under  the  falling  load  is 
i  inch  and  the  weight  of  the  beam  with  the  dead  load  is  3,000  pounds, 
what  static  concentrated  load  is  it  necessary  to  figure  on,  that  it  may 
equal  the  falling  load  in  its  effect? 

Solution. — From  formula  6,  the  value  of  a  equals  fj^, 

■      1  +  -489  1^ 

or  by  substitution,  a  =  ^        ^^<3  y_  3o°°  =  ■^^'^^■ 

The  value  of  a  having  been  found,  the  equivalent  static  load 
required    by  the  example    may  be  obtained   from  formula   5   where 

W^=  W  il-\-  yj^A^  +  l)  ,  or  by  substitution, 

W,  =  300  (l  +  A^^^^i|p^T"l)  =  3,282  lb.     Ans. 
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1.  The  static  load  from  an  elevator  car  on  the  steel  beams  at  the 
head  of  the  shaft  is  4,000  pounds;  what  load  should  be  figured  on  to 
compensate  for  the  weight  being  suddenly  applied  in  starting  the  car? 

Ans.  8,0001b. 

2.  The  beams  supporting  a  loading  platform  have  a  span  of  20  feet 
and  are  frequently  subjected  to  a  load  of  500  pounds  falling  a  distance 
of  2  feet.  Provided  the  deflection  of  the  beam  is  ts  inch,  what  static 
load  will  be  equivalent  to  the  effect  of  the  falling  load  if  the  beam 
and  the  dead  load  on  it  weigh  1,000  pounds?  Ans.  6,210  lb. 
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THE    DISPOSITION    OF    LOADS 

20.  In  warehouses  built  especially  for  the  storage  of 
heavy  merchandise,  where  the  floors  are  likely  at  any  time  to 
be  fully  loaded,  the  beams,  girders,  columns,  and  founda- 
tions are  always  proportioned  for  the  entire  live  and  dead 
load  on  all  floors.  However,  where  the  building  exceeds 
four  or  five  stories  in  height  and  is  used  for  any  other  pur- 
pose than  for  storage,  as,  for  instance,  a  modern  office  build- 
ing, it  is  customary  to  assume  that  certain  members,  while 
proportioned  for  the  entire  dead  load,  carry  only  a  certain 
percentage  of  the  live  loads. 

In  an  office  building,  or  similar  structure,  it  is  highly 
improbable  that  all  the  floors  or  all  parts  of  the  same  floor 
will  be  fully  loaded  at  the  same  time,  and  in  view  of  this  fact 
if  is  considered  good  practice,  while  proportioning  the  floor 
beams  for  the  full  live  load,  to  calculate  only  90  per  cent,  of 
the  live  load  on  the  girders.  It  is  usual  to  proportion  the 
columns  supporting  the  roof  and  the  top  floor  for  the  full 
live  load.  The  live  loads  on  the  columns,  in  each  successive 
tier,  from  the  floor  above  is  reduced  5  per  cent,  until  50  per 
cent,  of  the  live  load  is  reached,  when  such  reduced  loads 
are  used  for  all  remaining  floors  to  the  basement.  The 
economy  obtained  by  this  disposition  of  the  live  load  is  best 
observed  from  Table  VIII,  which  gives  the  distribution  of 
the  assumed  live  loads  on  the  columns  in  the  several  tiers  of 
an  eighteen-story  office  building. 

While  this  system  of  graduating  the  live  loads  on  the 
columns  from  floor  to  floor  is  generally  practiced,  the  amount 
of  reduction  at  each  floor  is  a  matter  that  depends  on  the 
judgment  of  the  designer.  The  percentage  of  reduction  is 
often  fixed  by  the  building  laws  of  the  city,  with  which  the 
designer  must  comply.  The  reduction  of  5  per  cent,  at  each 
floor,  the  economy  of  which  is  shown  in  the  table,  is 
conservative  and  in  most  cases  will  be  found  to  be  in 
accordance  with  the  building  departments  of  the  principal 
American  cities. 
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TABIiK    VIII 

SHOWING  REDUCTIONS  OF  LIVE 
TO  FLOOR 


LOADS  FROM  FLOOR 


to 

s 

o 

E 

Live  Load  in  Lb. 

per  Sq.  Ft.  on 

Each  Floor 

Live  Load  in  Lb. 

per  Sq.  Ft.  of  Floor 

on  Columns  From 

Floor  Above  at 

5%  Reduction 

Live  Load  in  Lb. 
perSq.  Ft.  of  Floor 
on  Columns  From 
All  Floors  Above 
If  No  Reduction 
Were  Made 

Live  Load  in  Lb. 
per  Sq.  Ft.  of  Floor 
on  Columns  From 
All  Floors  Above 
Increment 
of  Reduction 

Theoretical 

Percentage  of 

Saving  Instituted 

by  the  Reduction  of 

5  %  at  Each  Floor 

a 

a,  =a  —.050 

i-ff 

2  a. 

2a-2a, 
2a 

Roof 

20 

20.00 

20 

20.00 

i8 

60 

60.00 

80 

80.00 

17 

60 

57.00 

140 

137.00 

2.1 

16 

60 

54-15 

200 

191. IS 

4-4 

IS 

60 

51-44 

260 

242.59 

6.7 

14 

60 

48.87 

320 

291.46. 

8.9 

13 

60 

46.43 

380 

337-89 

II. I 

12 

60 

44.11 

440 

382.00 

13-2 

II 

60 

41.90 

500 

423.90 

15-2 

10 

60 

39.80 

560 

463.70 

17.2 

9 

60 

37^1 

620 

501.51 

I9-I 

8 

60 

35-92 

680 

537-43 

21.0 

7 

60 

34-12 

740 

571-55 

22.8 

6 

60 

32.41 

800 

603.96 

24.S 

S 

60 

30.79 

860 

634-75 

26.2 

4 

60 

30.00 

920 

664.75 

27.7 

3 

60 

30.00 

980 

-   694.75 

29.1 

2 

60 

30.00 

1,040 

724-75 

30.3 

I 

60 

30.00 

1,100 

754-75 

31-4 

21.  In  the  desigfn  of  the  type  of  building  known  as 
skeleton  construction,  that  is,  one  in  which  all  floors  and 
walls  are  supported  on  beams  and  girders  that  transmit 
the  loads  to  columns  and,  in  turn,  are  supported  on  ample 
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foundation  footings,  it  is  necessary  to  fix  on  the  general 
arrangement,  disposition,  and  approximate  dimensions  of 
the  component  parts  before  the  dead  load  can  be  com- 
puted. After  the  calculations  are  made  and  the  structural 
details  are  designed,  the  actual  dead  load  should  be  checked 
to  see  whether  it  approximates  the  assumed  load.  If  any 
considerable  variation  is  found  it  can  be  provided  for  by 
'increasing  or  diminishing  the  weight  or  thickness  of  the 
rolled  steel  shapes  making  up  the  structural  members^  the 
sizes  of  which  have  already  been  determined. 

Where  permanent  partitions  exist,  they  should  always  be 
figured  in  the  dead  load;  and  where  they  are  directly  above 
a  beam  or  a  girder,  the  member  should  be  proportioned  to 
sustain  the  additional  weight  without  appreciable  deflection. 
Where  movable  partitions  occur  or  where  there  is  a  proba- 
bility of  the  location  of  permanent  partitions  being  changed, 
it  is  usual  to  add  20  pounds  per  square  foot  of  floor  surface 
to  the  dead  load -to  take  care  of  such  contingencies. 

The  foundations  of  an  office  building  should  be  propor- 
tioned for  the  entire  dead  load  and  none  of  the  live  load,  the 
latter  being  provided  for  by  making  the  unit  pressure  on  the 
footings  and  piers  well  within  the  safe  unit  bearing  value  of 
the  soil.  In  this  way  unequal  settlement  is  prevented,  as 
explained  in  Foundations. 
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CENTER  OF  GRAVITY 

1.  Introduction. — The  calculations  involved  in  the 
design  of  such  built-up  members  of  a  building  as  steel 
columns  and  plate  girders — members  that  are  formed  by  the 
combination  of  several  of  the  simple  sections  produced  by 
the  rolling  mills — require  a  knowledge  of  certain  mathemat- 
ical properties  of  the  simpler  sections,  together  with  the 
methods  by  which  these  properties  may  be  calculated.  In 
many  cases,  the  exact  determination  of  the  required  prop- 
erties is  based  on  complicated  mathematical  principles;  there 
are,  however,  numerous  formulas  and  practical  methods 
by  means  of  which  the  values  for  all  sections  used  in 
ordinary  practice  may  be  determined,  either  exactly  or 
with  a  degree  of  approximation  sufficiently  close  for  all 
practical  purposes. 

2.  The  center  of  gravity  of  a  body,  or  of  a  system  of 
bodies,  is  that  point  from  which,  if  the  body  or  system  were 
suspended,  it  would  be  in  equilibrium.  If  the  body  or 
system  were  suspended  from  any  other  point  than  the  center 
of  gravity,  and  in  such  a  manner  as  to  be  free  to  turn  about 
the  point  of  suspension,  the  body  would  rotate  until  the 
center  of  gravity  reached  a  position  directly  under  the  point 
of  suspension. 

3.  Center  of  Gravity  of  Plane  Figures. — If  a  plane 
figure  has  an  axis  of  symmetry,  this  axis  passes  through  its 
center  of  gravity.  If  the  figure  has  two  axes  of  symmetry, 
its  center  of  gravity  is  at  their  point  of  intersection. 

For  notice  of  copyrisht^  see  pase  immediately  followinE:  the  title  paze 

i6 


PROPERTIES  OF  SECTIONS 


§6 


The  center  of  gravity  of  a  triangle  lies  on  a  line  drawn  from 
a  vertex  to  the  middle  point  of  the  opposite  side,  and  at  a 
distance  from  that  side  equal  to  one-third  of  the  length  of  the 
line;  or  it  is  at  the  intersection  of  lines  drawn  from  the 
vertexes  to  the  middle  of  the  opposite  sides. 

The  perpendicular  distance  of  the  center  of  gravity  of  a 
triangle  from  the  base  is  equal  to  one-third  of  the  altitude. 

The  center  of  gravity  of  a  parallelogram  is  at  the  inter- 
section of  its  two  diagonals;  consequently,  it  is  midway 
between  its  sides. 

The  center  of  gravity  of  an  irregular  fo7ir-sided  figure  may  be 
found  by  first  dividing  it,  by  a  diagonal,  into  two  triangles 
and   joining   the    centers   of    gravity  of  the  triangles  by  a 

straight  line;  then,  by  means 
of  the  other  diagonal,  divide 
the  figure  into  two  other  tri- 
angles, and  join  their  centers 
of  gravity  by  another  straight 
line;  the  center  of  gravity  of 
the  figure  is  at  the  intersec- 
tion of  the  lines  joining  the 
centers  of  gravity  of  the  two 
sets  of  triangles. 

Another  method  by  which 
to  locate  the  center  of  gravity 
of  an  irregular  four-sided 
figure  is  illustrated  in  Fig.  1. 
Draw  the  diagonals  a  c  and  b  d, 
and  from  their  intersection  e, 
measure  the  distance  to  any  vertex,  as  ae.  From  the 
opposite  vertex,  lay  off  this  distance,  as  at  cf.  Then  from/, 
draw  a  line  to  one  of  the  other  vertexes,  as  f  d,  and  bisect  this 
line  as  at  g.  Connect  g  and  b  and  lay  off  one-third  of  its 
length  from  g  at  the  point  h.  This  point  is  the  center  of 
gravity  of  the  figure. 

The  distance  of  the  center  of  gravity  of  the  surface  of  a  half 
circle  from  the  center  is  equal  to  the  product  of  the  radius 
multiplied  by  .424. 
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THE   NEUTRAL  AXIS 

4.  Explanation  of  Neutral  Axis. — When  a  beam  is 
subjected  to  a  bending  stress,  the  fibers  on  the  concave  side 
of  the  beam  are  shortened  while  those  on  the  convex  side 
are  lengthened;  hence,  there  is  a  compressive  stress  on  the 
concave  side  of  the  beam  and  a  tensile  stress  on  the  convex 
side.  Therefore,  there  will  be  a  plane  near  the  center  of  the 
beam  in  which  the  fibers  are  neither  lengthened  nor  short- 
ened and  in  which  there 
is  no  stress;  this  plane 
is  termed  the  neutral 
plane^  or  neutral  sur- 
face. A  cantilever 
beam,  or  beam  supported 
at  one  end,  is  shown  in 
Fig.  2,  having  a  load  W 
applied  at  the  end.  In 
this  case  the'  upper  side 
of  the  beam  is  length- 
ened and  the  lower  side  is  shortened,  while  in  a  simple 
beam,  or  one  having  a  support  at  each  end,  the  reverse  is 
the  case.  A  line  dc  representing  the  intersection  of  the 
neutral  plane  abed  with  a  cross-section  of  the  beam  is 
termed  the  neutral  axis.  This  axis  always  passes  through 
the  center  of  gravity  of  the  cross-secdon  of  the  beam 
until  the  elastic  limit  is  reached. 


Fig 


LOCATIOiy  OF  NEUTRAL  AXIS 
5.  Mechanical  Metliod. — It  is  evident,  from  Fig.  2, 
that  the  neutral  axis  is  perpendicular  to  the  direction  in 
which  the  load  acts  on  the  beam;  therefore,  to  find  the 
neutral  axis  of  a  section  with  reference  to  a  set  of  loads 
applied  in  a  given  direction,  it  is  only  necessary  to  pass  a 
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line  through  the  center  .of  gravity  perpendicular  to  the  direc- 
tion of  the  load. 

A  simple  approximate  method  of  locating  the  center  of 
gravity  and  neutral  axis  of  a  section  is  shown  in  Fig.  3. 
Draw  the  outline  of  the  section,  either  full  size  or  to  some 


Fig.  3 

convenient  scale,  on  a  piece  of  heavy  cardboard.  Cut  out 
the  section  and  balance  it  carefully  over  a  knife  edge,  as 
shown  in  the  figure;  the  line  along  which  it  rests  on  the  edge 
of  the  knife  is  a  line  passing  through  the  center  of  gravity, 
and  by  locating  two  such  lines  in  different  directions,  the 
center  of  gravity  will  be  found  at  their  point  of  intersection. 

6.  Locating  the  Neutral  Axis  by  Means  of  the 
Principle  of  Moments. t— A  convenient  method  of  locating 
the    neutral    axis    is  ks'i 

,  .       .    ,        -  Line  of  origin  of jrfomenfs.  I      I 

based  on  the  prmciple  -i—^    T   tJ>_M''' 


■is  7 


that  the  moment  of 
any  figure,  with  re- 
spect to  a  given  line 
as  an  axis  or  origin 
of  moments,  is  equal 
to  the  sum  of  the 
moments  of  its  separate  parts  with  respect  to  the  same  axis. 
The  moment  of  a  figure  about  a  given  axis  is  the  product  of 
its  area  by  the  perpendicular  distance  from  the  center  of 
gravity  of  the  figure  to  the*  given  axis.    Thus,  in  Fig.  4,  take 
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the  line  a  b  a.s  the  line  of  orig-in  of  moments.  Divide  the 
figure  into  the  three  rectangles  m,  m',  in".  In  accordance 
with  the  principles  stated  in  Art.  3,  the  center  of  gravity  of 
each  of  these  rectangles  is  midway  between  its  edges;  the 
distances  of  the  respective  centers  from  the  axis  are,  there- 
fore, li,  7,  and  Hi  inches.  The  areas  of  the  figures  are, 
respectively,  3  X  3  or  9  square  inches,  8  X  1  or  8  square 
inches,  and  10  X  1  or  10  square  inches.  The  moments  of 
these  areas  about  the  axis  a  b  are: 

Section  m  9  X  li  =  1  3.5 
Section  m'  8x7  =  5  6.0 
Section  m"  10  X  Hi  =  1  1  5.0 

Total,  18  4.5 
The  area  of  the  whole  section  is  equal  to  9  +  8  +  10  =  27 
square  inches,  the  sum  of  the  areas  of  the  rectangles;  the 
distance  c  of  its  neutral  axis  from  the  line  of  the  origin  of 
moments  is,  therefore,  184.5  -f-  27  =  6.83  inches,  or  nearly 
6fl  inches. 

It  is  not  necessary  that  the  line  of  the  origin  of  moments 
should  coincide  with  an  edge  of  the  figure,  as  in  Fig.  4,  since 
any  other  line  parallel  with  the  direction  of  the  required 
neutral  axis  gives  the  same  results;  in  most  cases,  however, 
it  will  be  found  more  convenient  to  take  the  axis  about 
which  the  moments  are  calculated  on  one  of  the  extreme 
edges  of  the  section. 

Since  the  section  shown  in  Fig.  4  is  symmetrical  with 
respect  to  an  axis  perpendicular  to  the  neutral  axis,  it  is 
evident  that  its  center  of  gravity  is  on  their  intersection. 
If,  however,  there  were  no  axis  of  symmetry,  the  center  of 
gravity  could  have  been  located  by  taking  a  second  line 
perpendicular  to  ab  as  an  origin  of  moments  and  finding 
the  neutral  axis  parallel  to  it.  The  intersection  of  this  neu- 
tral axis  with  the  one  first  found  is  the  center  of  gravity  of 
the  section.  In  accordance  with  the  principles  illustrated 
in  this  example,  we  have  the  following  rule: 

Rule. — To  find  the  neutral  axis  of  any  section,  first  divide  it 
into  a  number  of  simple  parts,  each  of  whose  areas  and  centers 
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of  gravity  can  be  readily  found;  then  find  the  sum  of  the 
moments  of  the  areas  of  each  of  these  parts  with  respect  to  an 
axis  parallel  to  the  required  neutral  axis;  finally,  divide  this 
sum  by  the  sum  of  the  areas  of  the  parts  of  the  section.  The 
result  will  be  the  perpendicular  distance  from  the  axis  of  tlie 
origin  of  moments  to  the  required  7ieutral  axis. 

7.     Application  of  the  Rule  to  a  Built-Up  Section. 

Figf.  5  shows  a  section  of  the  rafter  member  of  a  large  roof 
truss  formed  of  a  f"  X  16"  web-plate  and  a  I"  X  12"  flange 
plate,  the  two  joined  by  two  4"  X  4"  X  2"  angles.  What  is  the 
distance  from  the  neutral  axis  of  the  section  to  the  top  edge  of 
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Fig.  5 


the  flange  plate?  By  means  of  the  principles  given,  the  cen- 
ters of  gravity  of  the  two  rectangular  plates  are  easily  located 
as  shown.  The  centers  of  gravity  of  the  angles  might  also 
be  located  by  applying  the  rule  given  in  the  preceding  article; 
this,  however,  is  unnecessary,  since  the  center  of  gravity 
can  be  obtained  directly  by  reference  to  the  tables  of  the 
properties  of  rolled  sections.  Referring  to  Table  V,  the 
center  of  gravity  of  a  A"  X  4"  X  ¥'  angle  is  found  to  be  1.18 
inches  from  the  back  of  a  flange,  thus  giving  us  the  distance 
1.18  +  .375  =  1.555,  or  about  Ifr  inches  from  the  top  edge  of 
the  flange  plate  to  the  axis  through  the  centers  of  gravity  of 
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the   angles.      From   the   same   table  it  is  also   found  that 

the  area  of   the    section  of   a  4."  X  4"  X  2"  angle   is   3.75 

square  inches. 

The  area  of  the  section  of  the  flange  plate  is  f  X  12  =  4.5 

square   inches,    and    of   the   web-plate,   |  x  16  =  6    square 

inches;  the  area  of  the  whole  section  is,  therefore,  2  X  3.75 

+  4.5  +  6  =  18  square  inches. 
The  moments  of  the  areas  of  the  separate  sections,  with 

respect  to  the  line  a  b,  are  as  follows: 

Flange  plate,  4.5  X  A  =  .84 
Two  angles,  2  X  3.75  X  IW  =  11.70 
Web-plate,  6  X  8|    =  5  0. 2  5 

Total,         6  2.  7  9 
The  distance  c  from  the  top  edge  of  the  flange  plate  to  the 
neutral  axis  d  e  oi  the  section  is,  therefore,  62.79  -^  18  =  3.48 
inches. 

8.     Graphical  Method  of  Locating  the  Neutral  Axis. 

Let  it  be  required  to  determine  the  position  of  the  neutral 
axis  of  the  cast-iron  beam  section  shown  in  Fig.  6.  First, 
divide  the  depth  of  the  section  into  any  number  of  parts — 
as  has  been  done  in  this  case  by  the  dotted  lines  w'  x,  y  s, 
etc. — whose  areas  and  centers  of  gravity  can  readily  be 
found.  Then  compute  the  area  and  locate  the  center  of 
gravity  of  each  part.  In  Fig.  6,  the  area  of  the  top  slice  is 
12  square  inches,  the  area  of  each  of  the  slices  in  the  web 
of  the  section  is  3  square  inches,  and  the  area  of  the  bottom 
flange  is  28  square  inches.  Assume  some  scale  whose  unit 
of  length  represents  1  square  inch;  for  example,  in  this  case, 
let  T6  inch  represent  1  square  inch.  Then,  commencing  at 
some  point  a,  lay  off  on  the  line  a  I  lengths  a  b,  b  c,  c  f,  etc., 
which  represent  the  respective  areas  of  the  successive  parts 
into  which  the  section  of  the, beam  has  been  divided,  begin- 
ning at  the  top  part.  Thus,  with  the  scale  of  tb  inch  =  1 
square  inch,  the  line  a  b,  which  represents  an  area  of  12  square 
inches,  is  if  =  I  inch  long;  each  of  the  lines  b  c,  c  f,  etc.  is 


_5_ 
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inch  long;  and  the  line  ^  /  is  ft  =  If  inches  long. 
From  the  points  a  and  /,  draw  lines  at  any  convenient  angle 
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ioal  intersectingf  at  the  point  m.     Then  from  the  points  b,cj, 
etc.,  draw  the  hnes  b  m,  cm,  fm,  etc.     Through  the  center 


of  gravity  of  each  of  the  parts  of  the  section,  draw  indefinite 
lines  parallel  to  a  I. 
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From  the  point  n,  where  the  line  through  the  center  of 
gravity  of  the  top  section  intersects  the  hne  a  m,  draw  the 
line  no  parallel  to  the  line  bm  until  it  intersects  the  line 
passing  through  the  center  of  gravity  of  the  second  slice  in 
the  point  o;  draw  the  line  op  parallel  to  cm;  pg  parallel  to 
/w.-^T  parallel  to gm;  rs  parallel  to  h  m\  st  parallel  to  im; 
tu  parallel  to  j m\  and  u  v  parallel  to  k  m. 

From  the  point  v,  which  is  the  point  at  the  intersection  of 
the  line  u  v  with  the  line  drawn  through  the  center  of  grav- 
ity of  the  last  elementary  section,  draw  the  line  v  w  parallel 
to  m  I;  then  its  intersection  w  with  the  line  atn  is  a  point  on 
the  required  neutral  axis.  If  the  line  a  in  is  so  short  that 
the  line  vw  fails  to  cut  it,  it  may  be  extended  indefinitely, 
as  shown  at  ;«  x' ,  so  as  to  make  it  intersect  with  the  line  v  w. 
Having  found  the  point  w,  draw  the  horizontal  line  de 
through  it.  This  line  is  the  required  neutral  axis  of  the 
figure,  and  passes  through  its  center  of  gravity. 

This  method  of  determining  the  position  of  the  neutral 
axis  and  center  of  gravity  may  be  applied  to  any  irregular- 
shaped  section,  and  in  many  cases  may  be  found  more  con- 
venient than  the  mathematical  method. 

When,  as  in  Fig.  6,  the  section  is  made  up  of  several  reg- 
ular parts  whose  centers  of  gravity  can  be  readily  located,  it 
is  not  necessary  to  subdivide  any  one  of  these  parts.  Thus, 
the  center  of  gravity  of  the  web  of  the  beam  is  located  on  the 
horizontal  line  through  r,  and  its  area  is  represented  by 
the  distance  b  k.  We  can  therefore  draw  from  n  a  line  par- 
allel to  bm  until  it  intersects  the  horizontal  line  through  the 
center  of  gravity  of  the  web  member;  then,  from  this  point, 
draw  a  line  parallel  to  k  m  until  it  intersects  the  horizontal 
line  through  the  lower  section  at  the  point  v.  The  point  v, 
as  thus  located,  is  identical  with  the  point  previously  found 
when  the  web  section  was  divided  into  the  small  parts,  and 
the  line  drawn  from  v  parallel  to  Im  until  it  intersects  am, 
locates  the  point  w  on  the  neutral  axis,  as  before.  If,  how- 
ever, the  center  of  gravity  of  the  web  cannot  be  readily 
located,  it  is  better  to  divide  it  into  small  parts,  as  in  the 
first  method. 
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THE  MOMENT  OF  INERTIA 

9.  The  term  moment  of  inertia  is  a  mathematical 
expression  that  depends  on  the  distribution  of  either'  the 
material  of  a  body  or  the  area  of  a  surface  with  respect  to 
a  given  axis.  In  other  words,  the  moment  of  inertia  is  a 
term  that  expresses  the  relative  value  of  all  of  the  infinitely 
small  portions  that  make  up  the  entire  section  of  a  beam  or 
column.  The  portions  of  the  area  farthest  from  the  neutral 
axis  of  a  section  are  much  more  valuable  in  resisting  stress 
than  those  portions  adjacent  to  the  axis,  so  that  some  value 
must  be  obtained  that  will  express  the  efficiency  of  the  entire 
section  to  resist  transverse  stress  when  compared  with  any 
other  section.  This  value  is  called  the  moment  of  inertia. 
As  applied  to  the'  area  of  a  plane  figure,  the  moment  of 
inertia,  with  respect  to  an  axis  lying  in  the  same  plane, 
is  numerically  equal  to  the  sum  of  the  products  obtained 
by  multiplying  each  of  the  elementary  areas  of  which 
the  figure  is  composed  by  the  square  of  its  distance  from 
the  given  axis. 

By  elementary  area  is  meant  an  area  smaller  than  any 
with  which  we  are  accustomed  to  deal  in  ordinary  calcula- 
tions; it  is,  therefore,  impossible  to  find  an  exact  expression 
for  the  moment  of  inertia  of  a  figure  by  the  methods  of  cal- 
culation in  ordinary  use.  By  means  of  calculus,  however, 
exact  formulas  have  been  deduced,  by  which  the  moments  of 
inertia  of  many  of  the  simple  geometrical  forms,  with  respect 
to  axes  through  their  centers  of  gravity,  have  been  found. 
There  are  also  a  number  of  approximate  methods  by  which 
the  moment  of  inertia  of  an  irregular  section,  to  which  these 
formulas  do  not  apply,  may  be  found.  Further,  the  moment 
of  inertia  of  any  section  that  can  be  divided  into  parts,  the 
moments  of  each  of  which,  with  respect  to  an  axis  through 
its  center  of  gravity,  can  be  found,  is  easily  calculated  by 
one  of  the  following  principles. 
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COMPITTIKG  THE  MOMENT  OF  INERTIA 
10.     Analytical  Method. — To  illustrate  a  simple  approx- 
imate method  of  computing  the  moment  of  inertia  of  a  figure, 
consider  the  relation  of  the  small  I  section  shown  in  Fig.  7  to 
the  axis  de  through  its  center  of  gravity.    Divide  the  section 


tt  I « I  g  I  tt  [-«t-|  g  I  (t  I  a  I    \ 


J.. 


1__ 


=  1  J   7   . 


6^ 


-L 

— c 
— c 

— ^ 


a\a\a\a\a\a\a\a 


-8    

Fig.  7 


into  a  number  of  little  squares  (in  this  case,  each  with  an  area 
of  1  square  inch)  and  consider  the  distance  of  each  square 
from  the  axis  to  be  the  distance  from  the  axis  to  its  center  of 
gravity.  The  products  of  the  area  of  each  square,  multiplied 
by  the  square  of  its  distance  from  the  axis,  are  as  follows: 

Squares  a,  1  X  (5i)' 
Squares  ^  1  X(4i)' 
Squares/:,  1  X(3i)' 
Squares  rf,  1  X(2i)' 
Squares  ^,  IX  (li)'  =  f 
Squares/,  1  X  (i)'     =  i 

Adding  these  products  for  all  the  squares,  we  have: 

1&  squares  a,  H'  X  16  =  4  8  4 


8  1 
=       -1 

49 
=       4 

2  5 


2  squares  i5, 
2  squares  c, 
2  squares  a?, 
2  squares  e, 
2  squares  /, 


•¥X2 

^X2 

¥X2 

f  X2 

ix2 

Total, 


=      40i 
=      24i 


5  6  6i 
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which  is  the  sum  of  the  products  of  each  of  the  small  areas 
multiplied  by  the  square  of  its  distance  from  the  axis.  This 
result,  however,  is  only  a  rough  approximation  to  the 
moment  of  inertia,  owing  to  the  fact  that  the  assumed  areas 
are  so  large.  The  actual  value  of  the  moment  of  inertia  of 
the  section,  as  will  be  shown  subsequently,  is  568f. 

11.     Rules  and  Formulas  for  Moments  of  Inertia. 

In  Table  I  exact  formulas  are  given  for  computing  the 
moment  of  inertia  of  such  regular  figures  as  are  most 
often  used  in  structural  design;  it  also  gives  approximate 
formulas  for  computing  this  factor  for  common  rolled  sec- 
tions. The  tables  of  properties  of  rolled  sections  published 
by  the  rolling  mills  give  accurate  values  of  the  moment  of 
inertia  of  all  the  principal  sections  used  in  the  construction 
of  buildings,  so  that  it  is  not  generally  necessary  to  make  the 
calculations  for  these  sections;  the  approximate  formulas  in 
Table  I  are,  however,  sometimes  useful  in  making  calculations 
when  the  tables  published  by  the  rolling  mills  are  not  at  hand. 

Rule. — To  find  the  jnonient  of  inertia^  with  respect  to  any 
axis  of  any  figure  whose  moment  of  inertia,  witJi  respect  to  a 
parallel  axis  through  its  center  of  gravity,  is  fenown,  add  its 
moment  of  inertia,  with  respect  to  the  axis  through  its  center 
of  gravity,  to  the  p7-oduct  of  its  area  multiplied  by  the  square 
of  tlie  distance  frotn  its  center  of  gravity  to  the  required  axis. 

This  rule  may  be  expressed  by  the  formula 

/'=/+ax'  (1) 

in  which  P  =  required  moment  of  inertia; 

I    =  moment  of  inertia  of  the  section,  with  respect 

to  the  axis  through  its  center  of  gravity  and 

parallel  to  the  given  axis; 
a   =  area  of  the  figure; 
X   =  distance    from    its    center   of    gravity  to   the 

required  axis. 

The  moment  of  inertia,  with  respect  to  an  axis  through 
its  center  of  gravity,  of    any  section    that    can   be    divided 
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into  a  number  of  parts,  the  moments  of  inertia  of  each  of 
which,  with  respect  to  an  axis  through  its  center  of  gravity 
parallel  to  the  given  axis,  is  known,  is  equal  to  the  sum  of 
the  moments  of  inertia  of  its  parts  with  respect  to  the  given 
axis.  Since  the  moment  of  inertia  of  any  figure,  with  respect 
to  any  axis,  is  expressed  by  the  formula  I'  =  I  +  a  x',  if  we 
denote  the  sum  of  the  moments  of  the  separate  figures 
making  up  a  section,  with  respect  to  an  axis  through  the 
center  of  gravity  of  that  section,  by  2'  /'(in  which  the  Greek 
letter  2',  read  sigma,  means  sum  of) ,  we  have 

/s=yi'  =  I{/+ax^)  (2) 

which  is  a  general  formula  often  used  to  denote  the  moment 
of  inertia  /s  of  any  built-up  section. 

12.  Graphical  Metliods  of  Computing  Moments  of 
Inertia. — There  are  several  graphical  methods  of  compu- 
ting the  moment  of  inertia,  one  of  which  is  an  extension  of 
the  graphical  method  of  locating  the  center  of  gravity  and 
neutral  axis  that  was  described  in  Art.  8  and  illustrated  by 
Fig.  6.  Thus,  let  it  be  required  to  determine  the  moment  of 
inertia,  with  respect  to  the  axis  d  e,  of  the  beam  section 
shown  in  Fig.  6.  Using  the  same  scale  as  that  to  which  the 
section  was  drawn,  compute  or  measure  the  area  of  the  figure 
enclosed  by  the  lines  w  c/>  ^  .  .  .  v  w  n;  multiply  this  area  by 
the  area  of  the  section — shown  graphically  by  the  length  of 
the  line  a  I — and  the  product  will  be  the  moment  of  inertia 
of  the  section,  with  respect  to  the  axis  de,  through  its  center  of 
gravity.  For  example,  suppose  that  the  section  shown  in 
Fig.  6  has  been  drawn  to  a  scale  of  \  inch  =  1  inch.  Using 
this  scale,  and  computing  the  area  of  the  figure  enclosed  by 
the  lines  no p  q  .  .  .  v  w  n,  we  find  it  to  be  43.36  square 
inches.  The  area  of  the  section  is  61  square  inches;  there- 
fore, according  to  the  rule,  its  moment,  with  respect  to  the 
axis  d  e,  is  43.36  X  61  =  2,644.96. 

For'  finding  the  moment  of  inertia,  it  is  necessary  to 
divide  the  section  into  a  number  of  parts,  for  it  is  evident  that 
the  area  of  the  figure  enclosed  by  the  lines  n  r'  v  w  n  is  con- 
siderably  less    than    that    of    the    figure    nop  q  .  .  .  vw  n. 
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obtained  by  dividing  the  web  into  the  small  sections  and 
drawing  the  lines  of  the  diagram  for  each. 

The  area  of  the  figure  nopq  .  .  .  vwn  may  be  computed 
by  extending  the  horizontal  lines  through  o,p,  q,  etc.,  so  as  to 
divide  it  into  a  series  of  triangles  and  trapezoids.  The 
dimensions  of  these  can  be  readily  measured,  and  their  areas 
can  be  calculated  by  means  of  the  principles  of  mensuration. 

This  method  of  computing  the  moment  of  inertia  will  be 
found  convenient  in  the  case  of  very  irregular  sections,  to 
which  the  methods  previously  given  can  be  applied  only 
with  considerable  difficulty.  The  accuracy  of  the  result  will, 
in  general,  be  greater  when  the  section  is  drawn  to  a  large 
scale  and  divided  into  a  comparatively  large  number  of  parts. 

Example  1. — What  is  the  moment  of  inertia  of  the  section  of  a 
10"  X  16"  beam  about  an  axis  through  its  center  of  gravity  parallel  to 
its  shorter  side? 

Solution. — From  Table  I,  the  formula  for  the  moment  of  inertia 

of  a.  solid  rectangle  is  /  =  -rs-.     Substituting  the  given  dimensions, 

we  have 

,      10  X  16' 


3,4134.    Ans. 
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Example  2. — Using  the  formula  given  in  Table  I,  compute  the 
least  moment  of  inertia  of  the  section  of  a  cast- 
iron  column  shown  in  Fig.  8. 

Solution. — It  can  readily  be  seen  that  the 
least  moment  of  inertia  will  be  with  reference 
to  an  axis  parallel  with  the  web.  Hence,  sub- 
stituting in  the  formula,  we  have 


_  2X1X8°+ (8X1°) 


^  lo  —  "6.     Ans. 

^'°-8  Example  3.— Referring  to   the  rules  and 

formulas  in  Art.  11,  compute  the  moment  of  inertia,  with  respect  to 
the  axis  de  through  its  center  of  gravity,  of  the  section  shown  in  Fig.  7. 
Solution.— This  section  is  made  up  of  three  rectangles,  the 
moments  of  inertia  of  which,  with  respect  to  the  given  axis,  can  be 
found  by  means  of  formula  1.  The  moment  of  inertia  of  one  of  the 
flanges,  with  respect  to  an  axis  through  its  center  of  gravity  parallel 
to  de  x^I  =  — --  =  I.     The  area  of  this  figure  is  8  X  1  =  8  sq.  in.. 
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and  the  distance  of  its  center  of  gravity  from  rf^  is  54  in,;  therefore,  its 
moment  of  inertia,  with  respect  to  de,  is  /'  =  |  +  8X  (54)"  =  242f. 
The  axis  through  the  center  of  gravity  of  the  web  section  coincides 
with  the  axis  de;  hence,  the  moment  of  inertia  of  this  section,  with 
respect  to  de,  is 

1  X  10" 


/'  = 


12 


834 


Then,  the  moment  of  inertia  /,  of  the  whole  section  =  S I'  =  242f 
+  2421  +  834  =  568|.     Ans. 

Example  4. — What  is  the  moment  of  inertia,  with  respect  to  the 
axis  de,  of  the  column  section  shown  in  Fig.  9? 

Soi,,UTiON. — The  moment  of 
inertia  of  one  of  the  flange 
plates,  with  respect  to  an  axis 
through  its  center  of  gravity, 
parallel  to  the  axis  de,  is 
12X(f)' 


12 


=  .05;  the  area  of  the 


plate  is  12  Xf  =  4.5  sq.  in.,  and 
the  distance  of  its  center  of 
gravity  from  the  axis  is  &ts  in. 
Therefore,  the  moment  of  iner- 
tia of  the  plate,  with  respect  to 
the  axis  de,  is  .05  +  4.5  X  (BtV) ° 
=  172.33.  From  Table  V,  the 
area  of  a  4"  X  4"  X  4"  angle 

is  3.75  sq.  in.,  and  the  distance  of  its  center  of  gravity  from  the 
back  of  a  flange  is  1.18  in.  The  distance  of  the  center  of  gravity  of 
the  angle  from  the  axis  de,  in  accordance  with  the  dimensions  given 
in  the  figure,  is  6  —  1.18  =  4.82  in.     In  accordance  with  the  formula 

t(a-c)' +  ac' -{a-t)(c~t)'     .  •     rp  v,,     „    *       ^   .,- 

— ^ — ■ ^ — —  given    m   Table  II,   for  findmg  the 

moment  of  inertia  of  an  angle  with  equal  legs,  the  moment  of  inertia 
of  the  4"  X  4"  X  4"  angle,  with  respect  to  the  axis  through  its  center 
of  gravity,  is 

.5  (4  -  .1.18)"  +  4  X  1.18^  -  (4  -  .5)  (1.18  -  .5j' 
3 


■  =  5.54 


The  moment  of  inertia  of  the  angle,  with  respect  to  de,  is,  therefore, 

5.54  +  3.75  X  4.82'  =  92.65.      The  center  of  gravity  of  the  web-plate 

lies  on  the  axis  de;  therefore,  the  moment  of  inertia  of  the  plate,  with 

-  X  12° 
respect  to  de,  is  ^-^r —  =  54.     The  moment  of  inertia  of  the  whole 

section,  with  respect  to  de,  is,  therefore,  2  X  172.33  -|-  4  X  92.65  +  54 
=  769.26.     Ans. 
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Example  5.— What  is  the  moment  of  inertia,  with  respect  to  the 
axis  de,  of  the  column  section  shown  in  Fig.  10? 

Solution.— The  moment  of  inertia  of  one  of  the  cover-plates,  with 
respect  to  an  axis  through  its  center  of 

^^~^^^  gravity,  parallel  to  de,  is -rx = .  l^o; 

the  area  of  the  plate  is  12  X  i  =  6  sq.  in., 
and  the  distance  of  its  center  of  gravity 
from  de  is  h%  in.;  therefore,  its  moment 
of  inertia,  with  respect  to  de,  is  /'  =  .125 
+  6  X  (5i)=  =  165.5.  From  Table  IV, 
the  area  of  a  10-in.  15-lb.  channel  is 
'°'  4.46  sq.  in.,  and  its  moment  of  inertia, 
with  respect  to  an  axis  through  its  center  of  gravity,  corresponding 
ill  this  case  with  the  axis  de,  is  66.9;  therefore,  the  moment  of 
inertia  of  the  whole  section,  with  respect  to  de,  is  2  X  165.5  +  2  X  66.9 
=  464.8.     Ans.  

EXAMPLES    FOR    PRACTICE 

1.  What  is  the  moment  of  inertia  of  a  hollow,  square  column  sec- 
tion 12  inches  outside  and  10  inches  inside?  Ans.  894f 

2.  Find  the  moment  of  inertia  of  a  4"  X  6"  X  4"  angle,  with  respect 
to  an  axis  parallel  to  its  long  leg,  using  the  formula  given  in  Table  II. 

Ans.  6.27 

3.  What  is  the  moment  of  inertia,  with  respect  to  an  axis  parallel 
to  the  web,  of  a  Z  bar  5  inches  in  depth,  \  inch  thick,  and  having  legs 
3i  inches  in  length?    Use  the  formula  given  in  Table  II.         Ans.  9.05 


SECTION  MODULUS 

13.  The  section  modulus  of  a  section  under  trans- 
verse stress,  or  the  stress  to  which  a  beam  is  subjected 
under  a  load  which  tends  to  bend  it,  is  the  moment  about  the 
neutral  axis  of  such  a  portion  of  the  section  that  if  its  area  is 
multiplied  by  the  extreme  fiber  stress,  the  resisting 
moment  of  this  portion  will  equal  the  resisting  moment  of 
the  variable  stress  in  the  actual  section,  from  the  neutral  axis 
to  the  extreme  fibers.  By  the  term  resisting  moment  is 
meant  the  value  which  expresses  the  resistance  of  the  beam 
to  the  bending  moment  produced  upon  it  by  the  loads 
which  it  supports.  The  resisting  moment  of  any  beam 
section  is  always  equal  to  the  section  modulus  multiplied 
by  the  extreme  fiber  stress,  which  is  the  strength  value  of 
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the  material  of  which  the  section  is  composed,  per  square 
inch  of  area;  and  the  material  is  only  subjected  to  this 
extreme  stress  at  the  outside  edge  of  the  section. 

The  value  designated  as  the  section 
modulus  is  more  clearly  explained  by 
referring  to  Fig.  11,  in  which  ^^  CZ? 
shows  a  section  of  a  rectangular 
beam.  E  F  represents  the  neutral 
axis,  which  passes  through  the  center 
of  gravity,  and  G  H  is  a.  line  situated 
at  the  edge  of  the  section  and  repre- 
sents   the    position    of    the    extreme 


fibers.     Then  -  is  the  distance  from 


Pig.  11 


the  extreme  fibers  to  the  neutral  axis.  The  stress  in  the 
ibers  on  the  neutral  axis  is  zero,  but  it  gradually  increases 
until  the  edge  of  the  section  is  reached,  where  it  is  maximum. 
Therefore,  while  the  area  is  uniform,  the  stress  varies  with 
the  distance  of  the  fiber  from  the  neutral  axis. 

Draw  the  diagonals  A  C  and  B  D;  the  shaded  portions 
ABO  and  D  CO  represent  the  area  that,  if  considered  as 
having  a  uniform  stress  equal  to  the  stress  in  the  extreme 
fibers  of  the  section,  offers  the  same  resistance  as  the  entire 
section  having  the  variable  stress.  Then  the  moment  of  this 
shaded  portion  about  the  neutral  axis  gives  the  section 
modulus   of  the  beam.     The   combined  area  of  the  shaded 

portions  is  equal  to  — -,  and  the  lever  arm,  which  is  the  dis- 
tance    from   the   center  of    gravity  of    each   section  to   the 


neutral  axis,  is  -.    The  moment,  therefore,  is 


bd 


^3~ 


bd' 


and  the  section  modulus  for  a  rectangular  beam  may  be 
expressed  by.  the  foirmula 

bJl 
6 


5  = 


(3) 


in  which   5*  =  section  modulus; 

d  =  depth  of  beam,  in  inches; 

b  =  breadth,  or  width,  of  beam,  in  inches. 
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14.  In  Fig.  12  is  shown  the  graphical  method  of  obtain- 
ing the  section  modulus  for  a  T  bar.  The  neutral  axis  is 
located  at  .^  ^9  and  the  greatest  distance  from  A  B  to  the 
extreme  fiber  is  c;  from  a  and  b  draw  lines  to  the  center  of 
gravity  of  the  section  o.  Below  the  neutral  axis  lay  off  the 
line  CD  parallel  to  the  neutral  axis  A  B  and  at  a  distance 
from  it  equal  to  c.     Project  the  points  d  and  e  to  d'  and  e'  and 

from  these  points  draw 
lines  to  o;  also  project  / 
and  g  to  /'  and  g'  and 
from  these  points  draw 
lines  to  o.  Then  the 
shaded  portions  hioj 
klm  and  aob  represent 
areas  that,  if  considered 
as  having  a  uniform 
stress  equal  to  that  in 
the  extreme  fiber,  will 
produce  a  stress  equal 
to  the  total  resisting 
stress,  which  is  not  uni- 
form in  the  entire  sec- 
tion. The  moments  of 
these  areas  about  the 
neutral  axis  will  give 
the  section  modulus  of 
the  section. 

The  same  method 
may  be  applied  to  an 
irregular  section,  as 
illustrated  in  Fig.  13. 
In  this  case  the  top  and  bottom  edges  of  the  section  are 
equally  distant  from  the  neutral  axis.  Several  points  are 
projected  from  the  surface  of  the  section  to  the  lines  C  D 
and  ^i^and  from  these  points  lines  are  drawn  to  the  point  O 
on  the  neutral  axis.  Where  the  lines  thus  drawn  intersect 
the  horizontal  lines  drawn  through  the  points  in  question, 
will  be  located  points  on  the  surface  of  the  shaded  portion. 


Fig.  12 
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The  outline  of  the  figure  may  then  be  drawn  through  the 
points  thus  located  and  the  section  determined.  The  moment 
of    this    section    about    the    neutral    axis   gives   the   section 

modulus.  In  considering  an 
irregular  section,  it  is  very 
necessary  to  apply  the  graph- 
ical method  for  determining 
the  section  modulus,  as  it  is 
extremely  difficult  to  evolve 
a  convenient  formula  for 
obtaining  it. 

15.  The  section  modulus 
for  any  section  whose  mo- 
ment of  inertia  is  known,  is 
found  by  dividing  the  moment 
of  inertia  by  the  greatest  dis- 
tance of  the  neutral  axis  from 
the  outside  fibers  of  the  sec- 
tion. This  may  be  expressed 
by  the  formula 


5  = 


(4) 


Fig.  13  c 

in  which  /  =  moment  of  inertia,  with  respect  to  the  neutral 
axis; 
5'  =  section  modulus; 

c  =  distance  from  neutral  axis  to  farthest  edge  of 
section. 

Example  1. — What  will  ije  the  section  modulus  of  a  yellow-pine 
beam,  10  incfies  wide  by  12  inches  in  depth? 

Solution.—  rf  =  12  in.,  5  =  10  in.  Therefore,  by  applying 
formula  3,  we  have 


5  = 


bd^ 


10  X  12'' 


1,440 


=  240.    Ans. 


ExAMPLB  2.— What  is  the  section  modulus  of  the  cast-iron  lintel 
shown  in  Fig.  14? 

sSoLPTioN.— From  Table  I,  we  have  the  formula  5  =  -^~-    As  it 
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is  necessary  to  have  the  area  in  order  to  determine  the  value  of  Ci,  in 
the  above  formula,  this  will  be  determined  by  the  formula  in  the  first 
column,  or  A  =  bs-\-ht.  Substituting  the 
values,  we  have  A  =8x1  +  91x1  =  -W. 
Then  substituting  in  the  formula 

dU  +  s^'ib-  t) 


Ci  =■ 


2  A 
10'X|+(l)'(8-f) 


gives 

=  3.056  in. 


2  X  W 
c  =  d-c^  =  lQ-  3.056  =  6.944  in. 

The  moment  of  inertia  is  obtained  from 
the  formula 

tc'  +  bc,"  ~{d-t){c,  -s)' 


[  = 


Fig.  14 


/  = 


Then, 


which  gives 
\  X  6.944"  +  8  X  3.056"  -(8  -j)  (3.056 


3 


s  = 


d  —  Ci 


3 

130.181 
6.944 


=  130.181 


=  18.747.    Ans. 


EXAMPLES    FOR    PRACTICE 

1.  What  is  the  section  modulus  of  a  trapezoidal  section  whose 
parallel  sides  are  6  and  9  inches  and  the  distance  between  them  is 
6  inches?  Ans.  249f 

2.  Find  the  section  modulus  of  a  hollow,  rectangular,  cast-iron 
lintel  that  measures  10  inches  by  12  inches  outside  and  is  |  inch  thick. 

Ans.  89.026 

3.  The  structural  member  of  a  skylight  has  the  section  of  a  cross, 
the  vertical  web  of  which  is  5  inches  in  depth;  the  cross-bar  extends 
li  inches  each  side  of   the  center  line  of  the  vertical  bar  and  the 
center  line  of  the  horizontal  bar  bisects  that  of  the  vertical  bar.     Pro-  . 
vided  the  thickness  of  the  metal  is  |  inch,  what  will  be  the  section 


modulus? 


Ans.  1.5662 
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RADIUS  OF  GYRATION 

16.  In  computing  the  strength  of  columns,  frequent  use 
is  made  of  a  property  of  a  section  that  is  numerically  equal 
to  the  square  root  of  the  quotient  of  its  moment  of  inertia, 
with  respect  to  an  axis  through  its  center  of  gravity,  divided 
by  its  area.  This  property  is  called  the  radius  of  gyra- 
tion of  the  section,  with  respect  to  the  given  axis.  It  is 
usually  expressed  by  the  letter  r,  and  its  value,  with  respect 
to  a  given  axis,  for  any  section  whose  area  A  and  moment 
of  inertia  /,  with  respect  to  the  same  axis,  are  known,  is 
given  by  the  formula 

e    (5, 

The  form  in  which  the  radius  of  gyration  appears  in  most 
formulas  for  calculating  the  strength  of  columns  is  its  square; 
hence,  it  is  convenient  to  express  the  above  relation  by  the 
formula 

'•  =  -A  <«' 

which  gives  directly  the  value  to  be  substituted  in  the 
column  formulas.  Formulas  for  computing  the  least  radius 
of  gyration  and  its  square  for  the  sections  most  often  used 
in  the  design  of  structures,  are  given  in  Table  I.  The 
tables  of  the  properties  of  rolled  sections  also  give  accurate 
values  of  r  and  r'  for  the  sections  used  in  the  examples 
given  in  the  following  pages. 

Example. — Compute  the  square  of  the  radius  of  gyration,  with 
respect  to  the  axis  de,  of  the  column  section  shown  in  Fig.  9. 

Solution. — By  referring  to  example  4,  Art.  12,  the  moment  of  inertia 
of  the  section  is  found  to  be  /  =  737.06,  and  the  area  of  the  section  is 
3  X  4.5  +  4  X  3.75  =  28.50  sq.  in.  Substituting  these  values  in  for- 
mula 6,  we  have 

737.06       „.  „„       . 
'^   = -28:50   =  2^-^^-     ^°^- 
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EXAMPLES    FOR    PRACTICE 

1.  Find  the  radius  of  gyration  of  a  round  wooden  column  having  a 
diameter  of  12  inches.  Ans.  3 

2.  What  is  the  square  of  the  least  radius  of  gyration  of  the  column 
section  shown  in  Fig.  8?  Ans.  3.583 

3.  Compute  the  radius  of  gyration  of  the  section  of  a  hollow  cast- 
iron  column,  8  inches  by  12  inches  outside  and  f  inch  thick. 

Ans.  4.349 


17.     The    diagram    shown    in    Fig.  15    gives    the    width 
of   flange,   weight    in   pounds,   per   foot,    and   thickness    of 
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web  for  beams  of  the  usual  depths,  these  values  being  for 
standard  beams  of  minimum  weight. 

,  The  following  formulas,  adopted 

by  the  Association  of  American 
Steel  Manufacturers,  are  of  value 
in  determining  the  properties  of 
I  beams.     (See  Fig.  16.) 

Weight  per  foot  =  area  X  3.4. 

Area  =  id+2s{b- t)  A-  ^--Jll 

12      ■ 

Section  modulus  =  S  =?-^ 

d' 

Slope  of  flange  =  .p-  =  ^^  ~  ^  —  1 
tor  standard  beams. 

/  =  moment  of  inertia,  neutral 
axis  (l-l)  parallel  to  flange. 


Fig.  16 
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I 
beams. 


.4 


b  (T 


^g 


{h- 


n\ 


bd' 


or  — -- — 


h-  -  r 


12 


for  standard 


18.     Fig.  17  shows  the  width  of  flange,  thickness  of  web, 
and  weight  per  foot  for  channel  beams  of  the  usual  depths 
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and,  as  in  the  diagram  for  I  beams,  these  values  are  for  chan- 
nels of  minimum  weight. 

The  following  formulas  are  given  in  connection  with  Fig.  18. 

Weight  per  foot  =  area  X  3.4. 

{b-tY 


Area  =  td^'ls{b~  t)  +■ 


Section  modulus  =  .S  = 


Slope  of  flange  =  g  = 


2/ 

d' 
h  -  I 


or  i 


1{b-  t) 
for  standard  channels. 

/  =  moment  of  inertia,  neutral  axis 
{l-l)  parallel  to  flange 


li: 


/  =  -hhd^  --^( A* -/*)], 


or 


b_d^ 
12 


16 


for  standard  channels. 


U.     6- 
Fig.  18 


19.  Table  I  gives  formulas  for  computing  the  area, 
moment  of  inertia,  section  modulus,  and  radius ^of  gyration 
of  usual  sections,  also  the  distance  from  the  neutral  axis  to 
the  extremities  of  the  section.  These  formulas  are  useful 
in  obtaining  the  properties  of  sections  that  are  not  given  in 
the  table  of  properties  for  the  several  standard  rolled  sections. 

20.  Table  II  gives  formulas  for  the  moment  of  inertia 
of  the  standard  rolled  sections  with  respect  to  their  different 
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axes,  also  the  distance  froirr  the  neutral  axis  to  the  back  of 
the  section;  where  a  third  axis  is  considered  it  gives  the 
angle  between  the  third  axis  and  the  vertical  one. 

The  slope  of  the  flanges  of  the  I  beams  and  channels  is  i, 

that  is,  — ^^^  =  -.     In  the  formulas   relating   to    the   deck 
b  —  t       6 

beam,  e  represents  the  area  of  the  head. 

21.  Tables  III  to  IX  give  the  dimensions  and  properties 
of  structural-steel  shapes  that  conform  to  the  American 
standards,  adopted  January,  1896.  Such  tables  are  found  in 
most  of  the  handbooks  published  by  the  different  steel  man- 
ufacturers. The  first  five  columns  give  the  dimensions,  area, 
and  weight  of  the  section  considered,  and  as  all  these  sections 
are  of  structural  steel,  there  is  a  fixed  relation  between  the 
weight  and  area  and  one  may  be  obtained  from  the  other. 
The  weight  of  1  square  inch  of  structural  steel  1  foot  long  is 
3.4  pounds;  hence,  the  weight  of  1  foot  of  any  section  is  equal 
to  its  sectional  area  multiplied  by  3.4,  as  stated  in  Arts.  17  and 
18,  in  connection  with  the  weight  of  I  beams  and  channels. 

The  values  for  the  section  modulus,  radius  of  gyration, 
and  moment  of  inertia  are  required  in  finding  the  strength  of 
the  section  under  different  conditions,  and  are  used  in  calcu- 
lating the  strength  of  beams,  girders,  columns,  and  posts. 
The  moment  of  inertia  is  particularly  valuable  because  the 
section  modulus  and  radius  of  gyration  may  be  obtained  from 
it,  as  explained  in  Arts.  15  and  16. 

The  uses  of  the  coefficients  of  strength  and  coefficients  of 
deflection  are  illustrated  in  the  examples  given  in  Art.  22. 

The  values  in  the  columns  headed  F  and  F'  are  the  safe 
uniformly  distributed  loads,  in  pounds,  including  the  weight 
of  the  beam,  for  a  beam  1  foot  long;  they  have  been  com- 
puted for  fiber  stresses  of  16,000  and  12,500  pounds  per 
square  mch,  respectively.  Hence,  the  safe  load  for  any  span 
IS  equal  to  the  coefficient  F  or  F>  divided  by  the  span,  in  feet 

The  formulas  from  which  these  coefficients  were  obtained 
are  F=  f  x  16,000  X  ^  and  /r.  =  |  ^  12,500  X  5,  in  which 
o  is  the  section  modulus. 
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The  values  for  N  and  N',  the  coefficients  of  deflection  for 
uniform  and  center  loads,  respectively,  were  obtained  from 

the  formulas  N  =  —-  and  N'  =  in  which    W 

76.8  A/  ASi  E I 

equals  1,000  pounds,  /  equals  12  inches,  E  equals  29,000,000, 

and   f  equals  the   moment   of   inertia    about   the    axis  1-1. 

Therefore,    these    coefficients    represent    the    deflection,    in 

inches,  of  a  beam  1  foot  long  having  a  load  of  1,000  pounds. 

Multiplying  the  proper  coefficient  by  the  cube  of  the  span, 

in  feet,  and  by  the  number  of  1,000-pound  units  in  the  given 

load,  will  give  the  deflection  of  a  beam  for  any  load  and  span. 

Tables  XI,  XII,   and  XIII  are  useful  in  calculating  the 

strength  of  these  built-up  sections  when   they  are  used  as 

posts   or  struts   in   structural  work.     The    angles  .given  in 

these  tables  are  not  all  standard,  but  the  standard  sections 

may  be  selected  by  referring  to  Tables  V  and  VI. 

22.  The  following  examples  illustrate  the  application  of 
the  tables  giving  the  values  for  the  f)roperties  of  the  sev- 
eral rolled  sections. 

In  making  the  selection  of  the  beams  from  the  tables,  it  is 
customary  to  select  the  deepest  beam  haying  the  least  weight 
and  the  greatest  section  modulus.  For  instance,  if  a  beam  is 
required  to  have  a  section  modulus  of  30,  and  from  the  table 
it  is  observed  that  a  10-inch  40-pound  beam  has  a  section 
modulus  of  31.7  and  that  a  12-inch  31.5-pound  beam  has  a 
section  modulus  of  36,  it  is  evident  that  it  would  be  more 
economical  to  select  the  deeper,  and  consequently,  the  safer 
beam,  thus  saving  a  weight  of  5  pounds  per  foot.  As  steel 
beams  are  sold  usually  by  the  pound  price,  such  a  saving 
would  be  great  in  a  large  order.  This  economical  practice 
should  always  be  employed  when  the  several  additional 
inches  in .  the  depth  of  the  beam  will  not  interfere  with  the 
required  headroom  in  the  architectural  design. 

Example  1.— What  is  the  deflection  of  a  20-inch  65-pound  I  beam 
that  carries  a  center  load  of  28,000  pounds  and  has  a  span  of  20  feet? 

Solution.— The  amount  of  deflection  is  obtained  by  multiplying 
the  coefficient  of  deflection  for  beams  with  center  loads  (column  15, 
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Table  III)  by  the  cube  of  the  span,  in  feet,  and  the  number  of  1,000-lb. 
units  in  the  load.     Hence,  the  deflection  equals 

.00000106  X  20'  X  Y^  =  .237  in.    Ans. 

Example  2. — What  size  of  I  beam  is  required  to  support  a  uniform 
load  of  800  pounds  per  foot  over  a  span  of  25  feet,  considering  a  safe 
unit  fiber  stress  of  16,000  pounds? 

Solution. — According  to  Art.  21,  the  safe  uniformly  distributed 
load  for  any  span  is  equal  to  the  coefficient  F  or  F'  divided  by  the 
span,  in  feet.  By  transposing  the  terms  of  the  equation  it  is  found 
that  Fot  F  =  load  X  span.  The  coefficient  required  for  the  load  in  this 
case  is  800  X  25  X  25  =  500,000.  From  column  12,  Table  III,  the  coeffi- 
cient of  strength  for  a  15-in.  42-lb.  beam  is  found  to  be  628,270.  The 
weight  of  the  beam  is  42  X  25  =  1,050  lb.,  which  requires  a  coefficient 
of  1,050  X  25  =  26,250;  then  628,270  -  26,250  gives  a  net  coefficient  of 
602,020.  Therefore,  a  15-in.  42-lb.  beam  is  the  size  required.  If  the 
load  on  the  beam  is  concentrated  at  the  center,  the  coefficient  of  strength 
required  is  twice  as  great.    Ans. 

Example  3. — Two  channels,  placed  back  to  back  with  webs  vertical, 
form  the  support  of  an  overhead  mechanism  for  an  elevator.  The 
load  is  concentrated  at  the  center  of  the  channels  and  i.s  equal  to 
10,000  pounds;  provided  the  span  of  the  channels  is  8  feet  and  they  are 
7  inches  in  depth  and  weigh  14.75  pounds  per  foot,  what  will  be 
the  deflection? 

Solution. — The  deflection  is  equal  to  the  coefficient  multiplied  by 
the  cube  of  the  span  and  the  number  of  1,000-lb.  units  in  the  load. 
From  column  N' ,  Table  IV,  the  coefficient  of  deflection  for  a  7-in. 
14.75-lb.  channel  is  .0000457.  As  there  are  two  channels,  each  may  be 
considered  as  supporting  one-half  of  the  load  or  5,000  lb.  Then  the 
deflection  will  be  equal  to 

.0000457  X  8=  X  |^  =  .117  in.    Ans. 

Example  4.— What  is  the  section  modulus  of  a  rectangular  bar 
a  inches  by  |  inch,  using  the  moment  of  inertia  obtained  from 
Table  X? 

Solution.— The  section  modulus   is   determined    by  the   formula 

•5'=  -.  given  in  Art.  15,  and  from  the  table  the  moment  of  inertia  is 

found  to  be  1.69.  The  neutral  axis  passes  through  the  center  of  the 
rectangle  and  consequently  the  distance  c  is  equal  to  1^  in.  Substi- 
tuting these  values  in  the  formula, 

S=^^  =  \.m.    Ans. 
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EXAMPLES    FOR    PRACTICE 

1.  Two  channels,  placed  back  to  back,  are  to  be  used  to  support 
a  uniform  load  of  1,000  pounds  per  lineal  foot  over  a  span  of  20  feet. 
Using  a  safe  unit  fiber  stress  of  16,000  pounds,  what  size  channels  will 
be  the  most  economical  for  the  purpose? 

Ans.  Two  12-in.  20j-lb.  channels 

2.  What  would  be  the  deflection  in  the  previous  example? 

Ans.  .488  in. 

3.  What  size  of  I  beam  should  be  used  to  support  a  center  load  of 
10,000  pounds  over  a  span  of  12  feet,  using  a  safe  unit  fiber  stress  of 
16,000  pounds?  Ans.  10-in.  25-lb.  I  beam 

4.  An  I  beam  to  support  a  given  load  is  required  to  have  a  section 
modulus  of  30;  what  would  be  the  size  and  weight  of  the  most  economical 
section?  Ans.  12-in.  SlJ-lb.  I  beam 

5.  From  the  fact  that  the  available  headroom  is  limited,  it  is  neces- 
sary to  use  several  8-inch  I  beams  placed  side  by  side  in  order  to 
support  a  uniformly  distributed  load  of  20,000  pounds.  The  span  of 
the  beams  is  20  feet.  How  many  beams  weighing  25.25  pounds  are 
required  to  support  this  load,  provided  the  allowable  deflection  is 
1  inch,  and  a  safe  unit  fiber  stress  of  16,000  pounds  is  used? 

Ans.  Three  beams 
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TABLiE  V 
PROPERTIES    OF    STANDARD    ANGLES    HAVING     EQUAL,     LEGS 
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1,270.26 

30 

562.50 

703.13 

843-75 

984-38 

1,125.00 

1,265.63 

1,406.25 

32 

682.67 

853-33 

1,024.00 

1,194-67 

1,365-33 

1,536.00 

1,706.67 

34 

818.83 

1,023.54 

1,228.25 

1,432.96 

1,637-67 

1,845.38 

2,047.08 

36 

972.00 

1,215.00 

1,458.00 

1,701.00 

1,944.00 

2,187.00 

V!, 430. 00 

38 

1,143-17 

1,428.96 

1,714-75 

2,000.54 

2,286.33 

2,572.13 

2,857.92 

40 

1,333-33 

1,666.67 

2,000.00 

2,333-33 

2,666.67 

3,000.00 

3,333-33 

42 

1,543-5" 

1,929.38 

2,315-25 

2,701.13 

3,087.00 

3,472.88 

3,858.75 

44 

1,774-67 

2,218.33 

2,662.00 

3,105.67 

3,549-33 

3,993-00 

4,436.67 

46 

2,027.83 

2,534-79 

3,041.75 

3,548-71 

4,055-67 

4,562.63 

5,069.58 

48 

2,304.00 

2,880.00 

3,456-00 

4,032.00 

4,608.00 

5,184-00 

5,760.00 

50 

2,604.17 

3,255-21 

3,906.25 

4,557-29 

5,208.33 

5,859-38 

6,510.42 

52 

2,929.33 

3,661.67 

4,394-00 

5,126.33 

5,858.67 

6,591-00 

7,323.33 

54 

3,280.50 

4,100.63 

4,920.75 

5,740.88 

6,561.00 

7,381-13 

8,201.25 

56 

3,658.67 

4,573-33 

5,488.00 

6,402.67 

7,317-33 

8,232.00 

9,146.67 

58 

4,064.83 

5,081.04 

6,097.25 

7,113.46 

8,129.67 

9,145-87 

10,162.08 

60 

4,500.00 

5,625.00 

6,750.00 

7,875-00 

9, 000. 00 

10,125:00 

11,250.00 
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TABLE    X— (Continued) 

MOMENT    OF    INERTIA    OF    RECTANGULAR    SECTIONS 


y   I    a 


a 

•"  CO 

Width  of  Rectangle  in  Inches 

S-5 

iJ 

i 

a 

1 

« 

1 

2 

.46 

.50 

•54 

•58 

-63 

-67 

3 

1-55 

1.69 

1-83 

1-97 

2. II 

2.25 

4 

3-67 

4.00 

4-33 

4.67 

5.00 

5-33 

5 

7.16 

7.81 

8.46 

9. II 

9-77 

10.42 

6 

12.38 

13-50 

14.63 

15-75 

16.88 

18.00 

7 

19-65 

21.44 

23.22 

25.01 

26.80 

28,58 

8 

29.33 

32.00 

34-67 

37-33 

40.00 

42.67 

9 

41-77 

45-56 

49-36. 

53-16 

56.95 

60:75 

lO 

57-29 

62.50 

67.71- 

72.92 

78.13 

83-33 

II 

76.26 

83-19 

90.12 

97.05 

103.98 

110.92 

12 

99.00 

108.00 

117.00 

126.00 

135-00 

144.00 

13 

125.87 

137-31 

148.75 

160.20 

171.64 

183.08 

14 

157-21 

171.50 

185.79 

200.08 

214.38 

228.67 

15 

193.36 

210.94 

228.52 

246.09 

263.67 

281.25 

l6 

234.67 

256.00 

277-33 

298.67 

320.00 

341-33 

17 

281.47 

307,06 

332-65 

358.24 

383-83 

409.42 

i8 

334-13 

364.50 

394-88 

425.25 

455-63 

486.00 

19 

392.96 

428.69 

464.41 

500.14 

535-86 

571-58 

20 

458.33 

500.00 

541-67 

583-33 

625.00 

666.67 

21 

530-58 

578.81 

627.05 

675-28 

723.52 

771-75 

22 

610.04 

665.50 

720.96 

776.42 

831.87 

887-33 

23 

697.07 

760.44 

823.81 

887.18 

950.55 

1,013.92 

24 

792.00 

864.00 

936.00 

1,008.00 

1,080.00 

1,152.00 

25 

895.18 

976.56 

1,057.94 

1.139-32 

1,220.70 

1,302.08 

26 

1,006.96 

1,098.50 

1,190.04 

1,281.58 

1,373-13 

1,464.67 

27 

1,127.67 

1,230.19 

1,332-70 

1,435-22 

1,537.73 

1,640.25 

28 

r,257-67 

1,372.00 

1,486.33 

1,600.67 

1,715.00 

1,829.33 

29 

1,397-29 

1,524-31 

1,651-34 

1,778.36 

1,905.39 

2,032.42 

30 

1,546.88 

1,687.50 

1,828-13 

1,968.75 

2,109.38 

2,250.00 

32 

1.877-33 

2,048.00 

2,218-67 

2,389-33 

2,560.00 

2,730-67 

34 

2,251.79 

■■^,456.50 

2,661.21 

2,865.92 

3,070.63 

3.275.33 

36 

2,673.00 

2,gi6.oo 

3,159.00 

3,402.00 

3,645  00 

3,888.00 

38 

3.143-71 

3,429-50 

3,715-29 

4,001.08 

4,286.88 

4.572.67 

40 

3,666.67 

4,000.00 

4,333-33 

4,666.67 

5,000.00 

5,333-33 

42 

4,244.63 

4,630.50 

5,016.38 

5,402.25 

5,788.13 

6,174.00 

44 

4,880.33 

5.324-00 

5,767.67 

6,211.33 

6,655.00 

7,098.67 

46 

5,576-54 

6,083.50 

6,590.46 

7,097-42 

7,604.38 

8,111-33 

48 

6,336.00 

6,912.00 

7,488.06 

8,064.00 

8,640.00 

9,216.00 

50 

7,161.46 

7,812.50 

8,463-54 

9,114.58 

9,765.63 

10,416.67 

52 

8,055.67 

8,788.00 

9.520.33 

10,252.67 

10,985.00 

11,717.33 

54 

9,021.38 

9,841.50 

10,661.63 

11,481.75 

12,301.88 

13,122.00 

56 

10,061.33 

10,976.00 

11,890.67 

12,805.33 

13,720.00 

14,634.67 

58 

11,178.29 

12,194.50 

13,210.71 

14,226.92 

15,243.12 

16,259.33 

60 

12,375.00 

13,500.00 

14,625.00 

15,750.00 

16,875.00 

18,000.00 
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TABLE    XI 

RADII    OF    GYRATION    POR    TWO    ANGLES,    HAVING    EQTJAIi 
LEGS,    PLACED    BACK    TO    BACK 


7j_ 

— 

r, .        . 

r^ 

IB^iV     V 

"IF-n 

»i 

k          d 

^r\ 

r^r 

n 

i- 

r' 

»             W 

*  1 

T         • 

IT 

( 

1 1        •      T 

T 

^m 

\h' 

r 

Vrf             \ 

u 

Area  of 

Two 
Angles 
Square 

- 

R.adii  of  Gyration 

Dimensions 

Thickness 
Inches 

Inches 

Inches 

ro 

n 

7-2 

r'i 

ri 

ri 

ixf 

* 

.34 

.22 

•  32 

•42 

.48 

.53 

■65 

Ixf 

-h 

•  49 

.22 

•33 

•44 

•  49 

•55 

•67 

I  X  I 

i 

•47 

•30 

.42 

.52 

•  57 

.62 

•74 

I  X  I 

i 

.88 

.29 

■  45 

•  55 

.60 

.66 

•77 

liXii 

i 

.60 

•38 

•  52 

.62 

•67 

•72 

•83 

lix  li 

A 

i^37 

•36 

•  56 

.66 

•71 

•  77 

.88 

i*X  li 

A 

1-05 

.46 

.64 

■73 

.78 

•  83 

•94 

lix  i4 
lixif 

f 
A 

1.97 
1.24 

■44 
•54 

•67 
•74 

•77 
.83 

.82 
.88 

.88 
•93 

■  99 
1.03 

ifX  I* 

Ts 

2.68 

•51 

.78 

.88 

•93 

.98 

1.09 

2X2 

A 

1-43 

.62 

.84 

■93 

.98 

1.03 

I':  13 

2x2 

A 

2.30 

.60 

.86 

•95 

1. 00 

1.05 

1. 16 

2X2 

A 

3-12 

■  59 

.88 

.98 

1.03 

1.08 

1. 19 

2iX  2i 

A 

1.62 

.70 

■94 

1.03 

1.08 

1. 12 

1.22 

2iX  2i 

a 

3-09 

■67 

•97 

1.06 

i.ir 

1. 16 

1.27 

2iX   2i- 

i. 

4 
3 

2.38 

■77 

1.05 

1. 14 

1. 19 

1.24 

1.34 

2i  X  2i 

1    .  ,       1 

¥ 

3-47 

•  75 

1.07 

1. 16 

1. 21 

1.26 

1.36 

2*  X  2j 

i 

4.50 

■74 

i.og 

1. 19 

1.24 

1.29 

1-39 

2f  X   2f 

A 

1.99 

.86 

1. 14 

1.23 

1.28 

1.32 

1.42 

2f  X  2i 
rt3    \y    „3 

A 

7 

3-24 

.84 

1. 16 

1.25 

1.30 

1-35 

1-45 

2t  X  2f 

A 

4-43 

■83 

1. 18 

1.28 

1.32 

1.37 

1.47 
1.53 

3X  3 

i 

2.88 

■93 

1.26 

'•34 

1^39 

1^43 

3X3 
3X3 

_1     vy     „1 

A 

* 

4.87 
6.72 

•91 

.88 

1.28 
1.32 

1-37 
1. 41 

1,42 
1.46 

1.47 
1. 51 

1^57 
1. 61 

3*  X  3i 

f 

1 

A 

0 

4^97 

1.07 

1.48 

1^56 

1. 61 

1.66 

1.75 

32  X  34 

34X3i 

4X4 

4X4 

4X4 

44X44 

44X4* 

44X44 

5X5 

5X5 

5X5 

6X6 

6X6 

6X6 

7-97 

10.05 

4.80 

1.04 
1.02 
1.24 

1.52 

1^55 
,1.67 

i.6t 
i^65 
1.76 

1.66 
1.70 
1.80 

1. 71 
1^75 
1.85 

1. 81 
1^85 
1.94 

-Ts 

4i 
A 
4 

s 

8.37 

11.68 

5-43 

1. 21 
1. 18 
1.40 

1. 71 
1^75 
1.87 

1.80 
1.85 
1.96 

1^85 
1.89 
2.00 

1.89 
1.94 
2.05 

1.99 
2.04 
2.14 
2.18 

8.50 

1.38 

1.90 

1.99 

2.04 

2.08 

f 
1 
4 
1 
A 
1 
1 

10.47 
7.22 
9-50 
11.72 
10.12 
14.22 
1947 

1.36 
1.56 
1^54 
1.52 
1.87 
1.84 
1. 81 

1.92 
2.og 
2.10 
2.12 
2.50 
2^53 
2^57 

2.01 
2.17 
2.19 
2.21 
-.58 
2.62 
2.66 

2.06 
2.22 
2.24 
2.26 
2.63 
2.66 
2.70 

2.10 
2.26 
2.28 
2.30 
2.67 
2.71 
2^75 

2.20 
2.35 
2^38 
2.40 
2.76 
2.80 
2.85 
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TABIjE  XII 

RADII  OF  GYRATION  FOR  TWO  ANGLES,  HAVING 
UNEQUAL  LEGS,  PLACED  BACK  TO  BACK 

iHF  ^"ir  »""ir  '^ir  ^1^4" 

■  tf        "r        Ui»        -5^-/ 


Area  of 

Radii  o£  Gyration 

Dimensions 

Thickness 
Inches 

Inches 

Square 
Inches 

ro 

ri 

n 

n 

r^ 

Tf, 

2X  if 
2X  if 

3. 

1. 20 

2.25 

.63 
.61 

•54 
•56 

.62 
.66 

.67 
•  71 

.72 
.76 

•83 

.88 

2  X  i4 
2  X  i4 

A 

3 

8 

1.24 
2.34 

.63 
.61 

•59 
.62 

.68 
.72 

•  73 

•  77 

.78 
.82 

.88 
•93 

24  X  li 
24  X  li 

A. 
f 

1-34 
2-53 

.So 

•  78 

•  44 

•  47 

•  52 

•57 

.58 
.62 

•63 
.68 

•  74 

•  79 

24  X  i4 
24  X  i4 

A 

3 
"S" 

1.43 
2.72 

.80 
.78 

•55 
•  58 

.64 
.68 

.6g 
•  73 

•74 
•78 

.84 
.89 

24  X  li 
24X1* 

A  " 
i 

1.52 
2.00 

80 
79 

•  67 
.68 

•75 
•77 

80 

81 

85 
86 

•95 
•97 

24  X  2 
24X2 

24X2 

A 
f 
4 

1.62 

3-09 
4.00 

79 
77 
75 

•79 
.82 
.84 

.88 
.91 
•94 

92 

g6       I 
99       I 

97 
01 
04 

1.07 
1. 12 
1. 15 

2ixi4 
2|xi4 
2ix  i4 

A 

A 
A 

1.52 
2.46 
3-34 

89 

87 
85 

•53 
•55 

•58 

.62 
•  65 
.68 

67 
70 

73 

72 
75 
78 

.82 
.86 
.89 

3X2 
3x2 
3  X  2 

A 
A 
A 

1.80 
2.93 
3-99 

97 
95 
93 

■75 
.76 
•  79 

•  83 

•  85 
.88 

88 
90 
93 

93 
95 
98 

1.03 
1.05 
I.og 

3  X  24 
3X24 
3x24 

f 
A 

2.63 
3-84 
5-55 

95 
93 
91 

1. 00 
1.02 
1.05 

i.og 
I. II 
1^15 

13       I 
16       I 
20       I 

18 
21 
25 

1.28 
1^31 

1^35 

34X24 
34X24 
34  X  24 

4 
4 
+4 

2.88        I 

5-5°        I 
7.30        I 

12 
09 
06 

.96 
1 .00 
1.03 

1.04 
1.09 
i^i3 

09       I 
14       I 
18       I 

13 
19 
23 

1.23 
i.2g 
1^33 

34X3 
34X3 
34X3 

A 
A 
4* 

3-87        I. 
6.68         I. 
9.24         I. 

10 

07 
04 

1. 21 
1.25 
1.30 

i^30 
1-34 
1.40 

35       I 
39       I 
45       !• 

39 
44 
50 

1.49 

1^54 
1.60 
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TABLE  XII— (Continued) 

RADII    OF    GYRATION     FOR    TWO    ANGLES,     HAVING 
TJNEQ0AL    LEGS,    PLACED    BACK    TO    BACK 

r^  ^TT  i"¥"  i"TF  ^7W 

A\-f  AV-f  -A\-f  -f  U-i' 


Area  of 

Radii  of  Gyratiot 

Dimensions 

Thickness 

Two 
Angles 
Square 

Inches 

Inches 

Inches 

ra 

ri 

»•!! 

rs 

r4 

n 

4X3 

•ft 

4.18 

1.27 

1. 17 

1.25 

1.30 

1-34 

1.44 

4X3 

ft 

7.24 

1.24 

1. 21 

1.30 

1-34 

1-39 

1-49 

4X3 

if 

10.05 

1. 21 

1.25 

1-35 

1.40 

1.45 

1-55 

4X3* 

A 

4.49 

1.26 

r.42 

1.50 

i-55 

1-59 

1.69 

4X34 

4 

7.00 

1.23 

1-44 

1-53 

1-58 

1.63 

1.72 

4X34 

1 

8.59 

1.22 

1.46 

1-55 

1.60 

1-65 

1-75 

44X3 

1 

5-34 

1-44 

1. 14 

1.22 

1.27 

I-31 

1. 41 

44X3 

4 

7.00 

1.42 

1. 15 

1.24 

1.29 

1-34 

1-44 

44X3 

1 

8.59 

1.40 

1, 18 

1.27 

1. 31 

1-36 

1.46 

5X3 

ft 

4.80 

1. 61 

1.09 

1. 17 

1.22 

1.26 

1.36 

5X3 

_9_. 
16 

8.37 

1.58 

I-I3 

1.22 

1.26 

I-31 

1.41 

5  X3 

41 

11.68 

1-55 

1. 17 

1.27 

1.32 

1-37 

1-47 

5X34 

* 

6.09 

1.60 

1-34 

1.42 

1.46 

I-51 

1.60 

5X34 

1 

g.84 

1.56 

1-37 

"1.46 

I-51 

1-56 

1.66 

5  X34 

i 

13-34 

1-53 

1.42 

1. 51 

1-56 

1. 61 

1. 71 

5X4 

3 

6.47 

1-59 

1.58 

1.56 

1. 71 

1-75 

1-85 

5X4 

4 

8.50 

1-57 

1.60 

1.68 

1-73 

1.78 

1.87 

5  X4 

1 

10.47 

I-55- 

1.62 

1. 71 

1-75 

1.80 

1.90 

6X34 

1 

6.84 

1.94 

1.26 

1-34 

1-39 

1-43 

1-53 

6X  34 

* 

ii.og 

1.90 

1.30 

1-39 

1-43 

1.48 

1-58 

6  X  34 

s 

15.09 

1.87 

1-34 

1-44 

1-49 

1-53  , 

1.64 

6X4 

f 
1 

7.22 

•1-93 

1.50 

1-58 

1.62 

1.67 

1.76 

6X4 

11.72 

I. go 

1-53 

1.62 

1.67 

1. 71 

1. 81 

6X4 

1 

15-97 

1.86 

1.58 

1.67 

1. 71 

1.76 

1.86 

7X34 
7X34 
7X3* 
7X34 
7X34 

•ft 

4 

f 

1  3 

8.80 
10.00 
12.34 

2.26 
2.25 
2.24 

1. 16 
1.22 
1.24 

1.29 
1-30 
1.32 

1-33 
1-35 
1-37 

1-38 
1-39 
1.42 

1-47 
1.48 
1. 51 

I 

15-74 
19.00 

2.21 
2.19 

1.27 
I-3I 

1.36 
1.40 

1. 41 
1-45 

1.46 
1.50 

1-56 
1.60 
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TABLE  XIII 

RADII  OF  GYRATION  FOR  TWO  ANGLES,  HAVING  UNEQUAL  LEGS, 
PLACED  BACK  TO  BACK 


^» 


T 


%^ 


»:* 


M' 


Ko 


Ah' 


H  hi" 


Dimensions 

Thickness 
_ Inches 

Area  of 
Two            

Radii  of  Gyration 

Inches 

Angles 
Square 
Inches 

r<, 

n 

ri 

rs 

n 

rs 

2X  l| 

■^ 

1.20 

■41 

.92 

1. 01 

1.06 

I. II 

.22 

2X   l| 

f 

2.25 

.38 

•95 

■05 

10 

15 

26 

2  X  li 

^ 

1.24 

■44 

90 

99 

05 

09 

20 

2  X  li 

i 

2-34 

.42 

93 

09 

14 

19 

29 

2iXli 

A 

1-34 

33 

21 

31 

36 

41 

51 

2iXli 

f 

2.53 

32 

25 

35 

40 

45 

56 

2iXli 

A 

1.43 

42 

17 

26 

31 

36 

47 

2iX  li 

* 

Z.72 

40 

20 

30 

35 

40 

51 

2jxii 

A 

1.52 

51 

13 

23 

27 

32 

43 

2iX   I* 

i 

2.00 

50 

14 

24 

29 

34 

44 

2iX  2 

A 

1.62 

60 

10 

19 

24 

29 

39 

2jX  2 

t 

3.09 

58 

13 

23 

28 

33 

43 

2iX  2 

i 

4.00 

56 

15 

25 

30 

35 

46 
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MATERIALS  OF  STRUCTURAL 
ENGINEERING 

(PART  1) 


FOUNDATION  SOILS 


EXAMINATION  OF  SOILS 

1.  Methods  of  Investiaration. — Before  any  permanent 
structure  is  founded  upon  the  earth,  an  accurate  knowledge 
of  the  character  of  the  soil  at  and  below  the  foundation  line 
should  be  obtained  by  examination.  If  the  building  is  to  be 
placed  in  a  well-settled  locality,  this  information  may  pos- 
sibly be  obtained  from  the  history  of  the  adjacent  excava- 
tions; although,  unless  the  geological  formation  of  the  ground 
is  regular  and  uniform,  this  should  not  be  relied  on.  If  the 
building  is  to  be  placed  in  an  unsettled  locality,  or  if,  in  a 
settled  locality,  it  is  to  be  of  greater  weight  than  the  adjoin- 
ing buildings,  maps  of  the  geological  formation,  if  available, 
should  be  consulted  and  may  furnish  valuable  information 
as  to  the  probable  bearing  capacity  of  the  soils.  If  the 
building  is  an  important  one  and  doubt  exists  as  to  the 
capacity  of  the  soil  to  sustain  its  weight,  borings  should  be 
made  for  some  distance  below  the  bottom  of  the  footings  in 
order  to  determine  the  character  of  the  underlying  strata. 
These  borings  can  be  made  by  methods  similar  to  those 
used  in  the  driving  of  an  ordinary  pipe  well,  from  which 
samples  of  the  material  passed  through  can  be  obtained  as 
the  pipe  is  driven  down. 

For  notice  of  copyright,  see  pase  immediately  iollowing  the  title  page 
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Tests  may  also  be  made  by  driving  a  gas  pipe,  say  2  inches 
or  more  in  diameter,  with  a  maul  or  hammer,  and  withdraw- 
ing the  pipe  from  time  to  time  to  obtain  samples  of  the 
material  passed  through.  If  the  pipe  passes  through  gravel 
or  hard  material,  difficulty  will  be  experienced  in  extracting 
the  material  after  the  pipe  is  withdrawn.  This  is  at  best 
a  crude  method  and  should  not  be  used  if  accurate  results 
are  desired. 

A  better  method  of  making  this  test  is  to  sink  a  pipe  and 
use  an  auger  to  bring  up  the  material.  A  common  wood 
auger  with  levers  2  or  3  feet  long,  turned  by  two  men,  will 
bring  up  samples  that  may  be  sufficient  to  determine  the 
nature  of  the  soil,  but  such  samples  cannot  be  taken  as 
indicating  the  compactness  of  the  soil,  as  the  driving  of  the 
pipe  compresses  the  material  inside  of  it  and  the  auger 
subsequently  disturbs  it.  The  same  thing  is  true  of  the 
samples  taken  from  a  driven  well,  as  the  material  inside  the 
pipe  is  first  compressed  and  then  taken  out  with  an  auger, 
or,  if  the  material  is  hard,  broken  up  with  a  bit  or  chisel, 
and  then  removed  with  a  sand  pump. 

In  making  tests  with  pipes,  too  great  care  cannot  be  exer- 
cised in  arriving  at  conclusions  regarding  the  character  of 
the  underlying  material. 

The  soil  may  also  be  tested  by  digging  an  ordinary  well 
4  to  6  feet  in  diameter,  curbing  it  with  wood  as  the  excava- 
tion proceeds.  This  method  will  permit  accurate  conclusions 
to  be  formed  as  to  the  character  of  the  material  in  its  natural 
position.  If  the  ground  is  wet,  it  will  be  necessary  to  make 
the  curbing  water-tight  and  to  remove  the  water. 

If  the  site  of  the  proposed  structure  is  in  a  locality  of 
apparently  recent  geological  formation,  such  as  the  bottom 
lands  in  the  valleys,  more  care  must  be  exercised  in  obtain- 
ing the  required  information  than  is  necessary  in  localities 
having  an  older  geological  history.  In  land  formed  of 
alluvial  deposits  a  wide  variation  may  be  found  between 
two  contiguous  sites.  The  difference  may  have  been 
caused  by  changes  in  the  river  currents  and  channels  due  to 
floods  or  other  natural  causes,  which  may  cause  gravel  to  be 
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deposited  in  considerable  layers  in  one  spot  and  soft  material 
in  an  adjoining  spot.  In  alluvial  soils,  deep  borings  should 
always  be  made,  as  a  shallow  excavation  or  test  well  may  dis- 
close gravel  that  is  of  variable  thickness  and  may  be  under- 
laid with  softer  and  yielding  material.  If  the  gravel  is  thick 
enough,  it  may  be  advisable  not  to  go  below  it,  but  in  any  event 
the  actual  knowledge  of  the  conditions  should  be  ascertained 
before  decision  as  to  the  character  of  the  foundations  is  made. 

2.  Determination  of  Bearing  Capacity. — After  a 
full  knowledge  of  the  nature  of  the  soil  has  been  obtained, 
if  the  material  is  compressible  and  spread  foundations  are 
to  be  used,  a  test  of  the  actual  bearing  capacity  of  the  soil 
should  be  made  by  loading  a  platform  of  certain  area  and 
measuring  accurately  the  settlements  under  increasing  loads. 

In  testing  the  bearing  capacity  of  the  soil  on  which  the 
New  York  State  Capitol  at  Albany  was  erected,  a  measured 
load  was  applied  to  a  square  foot  and  also  to  a  square  yard. 
For  the  first  test  a  timber  mast  12  inches  square,  held  in  a 
vertical  position  by  guys,  was  fitted  with  a  cross-frame  to 
hold  the  weights.  A  hole  3  feet  deep  was  dug  in  the  blue 
clay  at  the  bottom  of  the  foundation.  The  hole  was 
18  inches  square  at  the  top  and  14  inches  square  at  the 
bottom.  Small  stakes  were  driven  in  the  ground  on  lines 
radiating  from  the  center  of  the  hole.  The  tops  of  the 
stakes  were  brought  exactly  to  the  same  level  so  that  any 
change  in  the  surface  of  the  ground  adjacent  to  the  hole 
could  readily  be  detected  by  means  of  a  straightedge.  The 
foot  of  the  mast  was  placed  in  the  hole  and  the  weights 
applied.  No  change  in  the  surface  of  the  adjacent  ground 
was  observed  until  the  load  reached  5.9  tons  per  square  foot, 
when  an  uplift  of  the  surrounding  earth  was  observed  in  the 
form  of  a  ring  with  an  irregular  rounded  surface.  Similar 
experiments  were  made  by  applying  the  load  to  a  square  yard, 
with  essentially  the  same  result.  The  loads  were  allowed  to 
remain  some  time  and  the  settlements  observed. 

Before  building  the  Congressional  Library  at  Washington, 
similar  experiments  were  made  with  a  frame,  which  rested 
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upon  four  corner  posts,  each  a  foot  square.  The  frame 
could  therefore  be  moved  from  place  to  place  upon  wheels 
and  a  number  of  tests  were  made  on  different  parts  of  the  site. 

3.  Experimental  Precautions. — In  making  experi- 
mental tests,  it  is  necessary  to  take  extraordinary  precautions 
to  avoid  obtaining  erroneous  results,  and  more  particularly 
is  extra  care  necessary  if  the  bearing  area  tested  is  a  small 
one,  as  slight  errors  either  way  may  vitiate  the  correctness 
of  the  finding. 

In  placing  posts  on  the  ground,  such  as  12"  X  12"  timbers, 
great  care  is  necessary  to  see  that  they  are  evenly  and  gently 
placed  upon  the  surface  to  be  tested;  and  if  only  a  square  foot 
is  tested,  allowance  must  be  made  for  the  greater  resistance 
to  displacement  which  the  surrounding  ground  offers  to  a 
small  area,  as  compared  with  a  larger  area.  It  is  likewise 
well  to  consider  that  the  employment  of  a  square  testing 
area  gives  four  cutting  edges,  a  condition  likely  to  produce 
a  greater  and  more  rapid  settlement  than  the  parallel  edges 
of  a  footing  course. 

CHARACTERISTICS  OP  POUNDATION  SOILS 

4.  The  capacity  of  the  earth  to  support  superimposed 
loads  without  lateral  displacement  or  crushing  depends  on 
the  character  of  the  soil,  which  may  vary  from  solid  rock 
through  all  intermediate  stages  to  a  soft  or  semifluid  condi- 
tion, as  mud,  silt,  or  marshy  matter.  Rock  furnishes  the  most 
stable  foundation.  Gravel,  which  is  composed  of  waterworn 
pieces  of  rock,  is  the  next  best.  Hard  dry  sand,  wet  sand  if 
confined,  dry  clay,  wet  clay,  silt,  and  marshy  matter  decrease 
in  bearing  capacity  approximately  in  the  order  named. 

5.  Rock.— The  ultimate  crushing  strength  of  rock  can 
only  be  determined  from  tests  made  on  cubes  of  it  in  the 
testing  machine,  or,  if  the  variety  is  well  known,  from  the 
history  of  the  stone.  The  ultimate  strength  of  the  rock 
varies  from  about  15  tons,  the  crushing  strength  of  cemented 
gravel  in  the  case  of  decayed  rock  and  some  of  the  softest 
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varieties,  up  to  about  1,800.  tons  per  square  foot  for  the 
hardest  rocks.  In  making  tests  of  cubes  of  rock  for  the  ulti- 
mate strength,  in  order  to  secure  accurate  results,  the  beds 
must  be  truly  parallel  and  reduced  to  a  true  plane. 

The  safe  bearing  value  of  rock  is  considered  to  be  not 
less  than  about  one-tenth-  the  ultimate  crushing  strength  of 
the  cubes.  Under  ordinary  conditions  it  may  safely  be  said 
that  all  rock,  except  that  of  the  softest  and  most  friable 
character,  will  safely  sustain  any  load  that  may  be  placed 
upon  it  by  a  building  of  ordinary  character,  the  area  of  the 
foundations  being  determined  by  the  safe  stresses  that 
may  be  placed  on  the  material  forming  the  foundation 
courses  of  the  superstructure.  In  ordinary  practice,  the  safe 
bearing  value  of  sound  rock  is  taken  from  14  to  20  tons 
per  square  foot. 

6.  Gravel. — Broken  rock  from  which  the  earthy  sub- 
stance has  been  worn  away  by  the  action  of  water,  or- 
detritus  of  rock,  as  it  is  called,  composes  gravel.  If  gravel 
is  found  in  a  compact  mass  and  in  layers  or  strata  of  con- 
siderable thickness,  it  forms  a  most  excellent  foundation, 
compression  within  the  safe  limits  of  loading  being  so  small 
that  it  can  be  neglected  as  a  factor  in  design.  In  founding 
a  building  upon  gravel,  care  must  be  taken  to  see  that  the 
stratum  is  of  suiBcient  thickness  and  that  the  material  under- 
neath it  is  not  such  that  it  would  be  displaced  by  the  load 
coming  upon  the  strata  above  it.  If  a  bed  of  gravel  over- 
lays a  dry  material,  such  as  clay  or  sandy  clay,  it  can  be 
regarded  as  an  excellent  foundation;  but  if  the  clay  is  wet, 
a  test  of  the  ultimate  bearing  capacity  should  be  made.  The 
safe  bearing  loads  upon  gravel  are  usually  taken  from 
6  to  10  tons  per  square  foot  on  hard  cemented  gravel  and 
from  4  to  6  tons  per  square  foot  on  loose  and  sandy  gravel, 
although  the  lower  limit  is  considered  the  safer  one  to  use 
under  ordinary  circumstances. 

Strata,  or  sometimes  merely  pockets,  of  gravel  are  fre- 
quently found  between  layers  of  alluvial  mud  in  land  that 
has  been  formed  through  the  action  of  water.     In  building 


6  MATERIALS  OF  §7 

upon  such  soil,  care  must  be  taken  that  the  gravel  is  not 
merely  a  local  deposit,  and  soundings  should  be  made  over 
the  whole  site  before  the  foundation  is  designed. 

7.  Sand. — Sandy  soils  vary  from  fine  sand  to  coarse 
gravel.  Dry  sand  is  incompressible,  and  if  beyond  the 
danger  of  scour  or  of  being  carried  away  by  running  water  is 
one  of  the  best  foundations  obtainable.  Where  foundations 
are  built  upon  sand,  it  is  necessary  to  make  sure  provision 
that  water  will  not  remove  it  from  underneath  the  footing 
courses.  Dry  sand  when  confined  may  be  considered  as 
having  the  same  safe  load  as  hard  cemented  gravel;  but  no 
rule  can  be  laid  down  for  the  safe  load  of  wet  sand. 

8.  Clay. — Soils  that  are  composed  of  clay  vary  greatly 
in  hardness  and  bearing  capacity,  and  range  from  slate 
or  shale  to  soft,  wet,  or  semiliquid  clay.  The  bearing 
capacity  of  clays  may  roughly  be  said  to  vary  directly  in 
proportion  to  the  water  contained  in  them.  It  is  therefore 
evident  that  their  bearing  capacity  may  be  improved  by 
draining  them  and  thereby  removing  the  water.  Hard  clay, 
such  as  slate  or  shale,  will  support  the  same  load  as  rock  of 
equal  hardness,  while  soft,  wet  clay  will  squeeze  out  laterally 
when  any  pressure,  such  as  ordinarily  occurs  in  building,  is 
placed  upon  it.  Wet  clay  is  at  best  a  dangerous  material 
for  foundations,  because  it  has  a  tendency  to  squeeze  out 
around  the  edges  of  the  footings,  or,  if  it  is  not  soft 
enough  for  this,  settlement  of  the  building  takes  place  by 
the  load  pressing  the  water  out  of  the  clay  and  thereby 
reducing  its  volume. 

In  making  an  excavation  below  the  water-line,  clay  may 
be  found  quite  hard  when  first  uncovered,  but  as  it  has  a 
great  capacity  for  absorbing  water,  it  may  swell  up  and 
increase  in  volume  and  become  unfit  for  a  foundation  that 
would  permit  of  no  settlement. 

If  coarse  sand  or  gravel  is  found  mixed  with  the  clay  its 
bearing  capacity  is  increased  in  the  same  proportion  as  these 
materials  are  mixed  with  it.  It  must  be  remembered,  how- 
ever, that  clay  is  an  unctuous  material,  that  is,  of  a  fatty  or 
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greasy  nature,  and  acts  as  a  lubricant  between  the  coarser 
particles,  and  therefore  sand  and  gravel  mixed  with  a  very- 
slight  proportion  of  clay,  if  the  material  is  wet,  has  a  much 
smaller  bearing  capacity  than  the  sand  and  gravel  without 
the  clay,  but  if  the  material  is  dry  the  bearing  capacity  is 
very  much  greater  than  if  it  .is  wet. 

The  city  of  Chicago  is  underlaid  very  largely  with  a 
stratum  of  clay  of  variable  thickness,  and  the  Building  Laws 
there  make  the  following  restrictions:  If  the  soil  is  a  layer 
of  pure  clay  at  least  15  feet  thick,  without  a  mixture  of  any 
foreign  substance,  excepting  gravel,  it  shall  not  be  loaded 
more  than  at  the  rate  of  3,500  pounds  per  square  foot.  If  the 
soil  is  dry  and  thoroughly  compressed,  it  may  be  loaded  not 
to  exceed  4,500  pounds  per  square  foot.  If  the  soil  is  a 
mixture  of  clay  and  sand,  it  shall  not  be  loaded  more  than 
at  the  rate  of  3,000  pounds  per  square  foot.  With  the  loads 
authorized  by  the  Building  Department  of  Chicago,  the 
settlement  of  a  building,  due  to  the  compression  of  the  soil, 
amounts  to  from  3  inches  to  5  inches. 

From  the  experimental  tests  made  on  the  soil  at  the  State 
Capitol  at  Albany,  it  was  found  that  the  ultimate  bearing 
capacity  of  the  clay  soil  was  less  than  6  tons  per  square  foot, 
and  the  building  was  designed  to  impose  a  load  of  2  tons 
per  square  foot.  This  soil  contained  from  60  to  90  per  cent, 
of  alumina  clay,  the  remainder  being  fine  silicious  sand.  It 
was  also  found  to  contain  from  27  to  43  per  cent.,  usually 
about  40  per  cent.,  of  water,  and  samples  of  it  weighed  from 
81  to  101  pounds  per  cubic  foot. 

In  the  soil  underlying  the  Congressional  Library  at 
Washington,  the  ultimate  bearing  capacity  of  the  soil, 
which  was  yellow  clay  mixed  with  sand,  was  13i  tons  per 
square  foot,  and  the  building  was  designed  to  impose  a  pres- 
sure of  2-2-  tons  per  square  foot  on  this  material. 

Hard,  stifif  clay,  when  dry,  may  be  estimated  to  have  a 
safe  bearing  capacity  of  from  4  to  6  tons,  but  if  it  is  allowed 
to  become  wet,  its  resistance  is  greatly  decreased  and  it  is 
probably  not  good  for  more  than  li  to  2  tons;  even  then  the 
compression  and  consequent  settlement  may  be  such  as  will 
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make  it  necessary  to  design  all  the  footings  so  that  the 
settlement  on  each  will  be  the  same,  and  a  consideration 
of  the  safe  capacity  of  such  soil  to  properly  bear  the 
weight  of  the  structure  put  upon  it  leads  directly  to  the 
question  of  the  design  of  foundations  for  which  settlement 
has  to  be  provided. 

Where  subsequent  settlement  of  the  foundations  might 
cause  cracks  in  the  superstructure,  the  footing  of  a  heavier 
part  of  the  building,  such  as  a  tower,  for  instance,  is  tem- 
porarily loaded,  the  load  being  removed  as  the  superstructure 
is  built.  In  the  Chicago  Auditorium,  a  large  tower  rises 
94  feet  above  the  main  building,  and  as  a  precaution  against 
the  heavy  concentrated  weight  of  the  tower  cracking  the 
adjoining  wall,  a  direct  load,  approximately  equal  to  the 
weight  of  the  finished  tower,  was  placed  upon  the  tower  foot- 
ings, and  gradually  removed  as  the  walls  were  carried  up. 

In  Chicago,  when  piles  are  not  resorted  to  and  the  build- 
ing is  founded  upon  the  compressible  soil,  the  wall  piers  are 
built  detached  and  are  carefully  calculated  for  the  dead  load 
that  comes  upon  them.  The  live  load  is  either  omitted 
entirely  or  a  very  small  proportion  of  it  is  used. 

The  great  difficulty  in  designing  a  building  to  meet 
such  conditions  of  supporting  ground  is  that  of  accurately 
proportioning  the  foundations  where  the  interior  columns 
carry  but  little  dead  load,  as,  for  instance,  the  interior 
columns  in  a  store  or  other  building  having  an  open  interior. 
In  the  case  of  office  buildings,  the  dead  load  being  a  con- 
siderable part  of  the  total  load,  the  problem  is  easy  of  solu- 
tion, but  in  store  buildings  it  is  a  problem  requiring  great 
judgment  to  reach  a  satisfactory  conclusion. 

In  designing  foundations  for  which  a  settlement  must  be 
allowed,  great  care  must  be  taken  to  have  the  center  of 
resistance  under  the  center  of  gravity  of  the  load,  as,  with  a 
yielding  material,  the  overloading  of  one  side  or  one  edge 
may  cause  an  undue  compression  of  that  side  or  edge  and 
thereby  tilt  the  footings  with  disastrous  consequences  to  the 
superstructure.  For  compressible  soil,  it  is  necessary  to 
spread  the  foundation  over  a  large  area,  so  as  to  have  a  small 
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load  per  square  foot  of  surface.  This  is  usually  accomplished 
by  means  of  I  beams  bearing  on  or  embedded  in  a  concrete 
slab  or  plate,  but  in  buildings  of  no  great  importance  this 
spreading  of  the  footing  is  often  done  by  means  of  timbers. 
When  timbers  are  used,  however,  it  is  absolutely  necessary 
that  they  be  below  the  permanent  water-line,  as  otherwise 
they  will  decay;  it  is  also  necessary  that  the  bending  stresses 
on  the  timbers  be  kept  within  very  small  limits,  as  otherwise 
the  deflection  of  the  timber  under  load  will  cause  settlement. 

9.  Mud,  Silt,  Marsli,  or  Semiliquid  Soils. — With 
soils  of  this  character,  it  is  necessary  either  to  drive  piles  to 
a  hard  substratum,  if  it  can  be  found,  or  to  sink  caissons  to 
the  hard  material  below,  the  method  to  be  pursued  usually 
depending  on  the  importance  of  the  building  and  the  value 
of  the  land.  With  ordinary  buildings,  the  pile  foimdation  is 
undoubtedly  the  simplest  and  the  cheapest  method,  but  in 
New  York  city,  in  the  lower  part  of  the  island,  it  is  found 
necessary  to  go  down  to  the  bed  rock,  and  in  the  most  recent 
important  structures  there  pneumatic  caissons  have  been  sunk 
to  bed  rock  and  afterwards  filled  with  concrete,  so  arranged 
as  to  form  a  continuous  retaining  wall  around  the  building. 
The  material  inside  of  this  retaining  wall  is  excavated 
and  the  space  utilized  for  various  purposes,  such  as  base- 
ments, subbasements,  and  ofSce  or  store  purposes,  the  light, 
heat,  and  air  being  furnished  by  mechanical  means. 

Rankin  gives  the  following  formula  for  ascertaining  the 
unit  bearing  capacity  P,,  of  soft  soil: 

o  7  A  +  sin  a\ 

Pu  =  w  h\ : 

\1  —  sm  «/ 

in  which  w  =  weight  of  soil,  in  pounds  per  cubic  foot; 

h  =  depth  of  marsh,  in  feet; 

a  =  angle  of  repose  of  the  soil. 
For  example,  if  a.  equals  5°,  the  supporting  power  of  the 
soil  is  1.19  w  h  per  unit  of  area;  if  a.  equals  10°,  it  is 
1.42  w  h;  and  if  a  equals  IS'',  it  is  1.69  w  h.  The  weight 
of  mud,  silt,  and  quicksand  varies  from  about  100  to  130 
pounds  per  cubic  foot. 
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The  city  of  New  Orleans  is  underlaid  with  alluvial  soil, 
that  -is,  a  soil  deposited  by  water,  and  experiments  there 
made  on  quicksand  would  indicate  that  with  a  load  of  i  ton  to 
1  ton  per  square  foot,  the  settlement  would  not  be  excessive. 

In  designing  the  foundation  for  any  building,  the  particular 
character  of  the  building,  its  cost,  and  permanence  must 
determine  the  character  of  the  footings.  If  the  foundation 
is  of  soft  material,  the  possibility  of  adjacent  excavations 
wrecking  the  building  must  be  carefully  considered.  If  it  is 
necessary  to  establish  the  foundation  of  a  building  on  soft, 
yielding  material,  either  too  soft  for  a  grillage  or  spread 
foundation,  piles  must  usually  be  driven.  If,  also,  the 
character  of  the  building  is  such  that  it  cannot  be  designed 
to  insure  equal  settlement  of  all  its  pieces  or  parts,  and  a 
firni  bearing  soil  cannot  be  found  within  convenient  distance, 
piles  long  enough  to  sustain  the  load  coming  upon  them 
should  be  driven  into  the  ground.  The  piles  can  be  used 
only  in  soils  that  are  permanently  saturated  with  water,  as, 
if  exposed  to  alternate  wetting  and  drying,  or  if  all  the  piling 
is  not  thoroughly  immersed,  fungus  soon  destroys  the  wood, 
and  the  building  resting  on  the  piles  must  fail. 

10.  Quicksand. — The  term  quicksand  is  applied  to 
any  silicious  material  so  saturated  with  water  that  it  will  flow 
more  or  less  easily  when  its  natural  condition  of  equilibrium 
is  destroyed  by  excavating  pits,  trenches,  shafts,  or  tunnels. 
Quicksand  may  be  found  on  the  surface,  underlaid  by  firm 
material,  or  it  may  be  found  in  a  stratum  of  greater  or  less 
thickness,  confined  by  firm  strata  both  above  and  below.  If 
the  quicksand  is  on  the  surface,  and  underlaid  by  a  hard 
material,  it  is  no  more  difficult  to  deal  with  than  water,  but 
when  found  between  strata  of  harder  material  at  considerable 
depth,  great  difficulty  will  be  ordinarily  experienced  in  work- 
ing in  it,  for  the  reason  that  as  the  depth  below  the  surface 
increases,  the  pressure  increases  and  the  flow  of  the  liquid  or 
semiliquid  materials  allows  the  stratum  on  top  of  it  to  settle, 
bringing  great  pressure  on  the  sides  of  the  caissons,  sheet 
piling,  or  cribbing,  either  crushing  it  or  throwing  it  out  of 


§7  STRUCTURAL  ENGINEERING  11 

line.  The  material  falling  on  top  of  the  quicksand  increases 
the  amount  of  material  to  be  excavated  and  usually  adds 
very  greatly  to  the  cost  of  the  foundation  of  the  structure. 
Owing  to  the  fact  that  quicksand  flows  and  runs  so  readily, 
the  greatest  precaution  must  be  exercised  in  working  in  this 
soil  adjacent  to  the  foundations  of  a  building  or  structure. 
Instances  have  been  known  where  the  undue  removal  of  sand 
and  water,  while  boring  a  hole  for  a  direct  plunger  elevator, 
imperiled  the  adjacent  foundations  by  removing  some  of  the 
stratum  from  beneath  the  footings  with  the  detritus  from  the 
hole.  It  is  likewise  a  necessary  precaution  to  have  all  sewers 
and  drain  lines  running  near  footings  and  on  a  lower  level, 
and  that  are  built  in  soils  partaking  of  the  nature  of  quick- 
sand, so  carefully  constructed  and  inspected  that  there  can 
be  no  possibility  of  bleeding  the  foundation  stratum. 

11.  If  quicksand  is  encountered  in  building  construction, 
the  only  successful  method  of  dealing,  with  it  is  to  use 
sheet  piling  in  the  excavation,  keeping  it  in  position  by 
horizontal  bars  and  bracing.  The  piling  must  be  of  sufficient 
thickness  to  withstand  the  bending  strains  due  to  the  pressure 
of  the  quicksand.  These  piles  should  be  tongued  and  grooved 
or  connected  with  loose  slip  tongues.  If  the  excavation  can 
be  carried  on  at  the  same  time  with  the  driving,  it  is  possible  to 
drive  the  piling  with  a  heavy  maul,  or,  if  the  material  is  soft 
enough,  it  may  be  driven  with  a  maul  before  the  excavation 
is  made.  If  the  material  is  of  a  clayey  nature,  and  the 
excavation  can  not  be  carried  along  as  the  piling  is  driven,  it 
may  be  impossible  to  drive  it  any  distance  with  the  maul.  In 
such  cases,  a  portable  steam  pile  driver,  which  fits  on  the  head 
of  the  pile,  built  on  the  same  lines  as  a  steam  rock  drill,  may  be 
used  to  advantage.  By  means  of  this  driver,  the  piles  may 
be  driven  to  a  considerable  depth  before  the  excavation  is 
made,  and  as  the  material  is  thrown  out  of  the  trench  or  pit, 
shores  can  be  put  in  place  and  the  trenches  carried  down  for 
some  distance  without  any  displacement  of  the  adjacent 
material  unless  it  is  so  thin  that  it  will  slip  down  under  the 
piles   and  come  up  into    the  trench,  in  which    case,   if    the 
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amount  of  material  coming  into  the  trench  is  considerable, 
the  whole  temporary  structure  must  collapse  because  of  the 
displacement  of  the  material  behind  it.  In  such  cases, 
several  methods  of  founding  may  be  followed.  One  is  the 
freezing  process,  in  which  the  earth  adjacent  to  the  excava- 
tion is  frozen  hard  by  means  of  brine  from  a  portable 
refrigerating  plant,  which  is  circulated  through  pipes  that 
are  sunk  into  the  ground  around  the  sides  of  the  proposed 
excavation.  After  the  ground  is  frozen,  the  excavation 
can  be  carried  on  as  with  other  hard  material. 

Another  method  is  by  sinking  either  pneumatic  or  open 
caissons  through  the  material.  If  the  material  is  very 
soft  and  fluid,  the  pneumatic  caisson  must  be  employed. 
Open  caissons  of  hollow  brick  or  concrete,  or  iron  cylinders, 
or  timber-lined  shafts  can  be  sunk  to  great  depths  through 
soft  material  and  ultimately  filled  with  concrete  and  masonry. 
In  sinking  these  open  caissons,  the  material  is  excavated 
from  the  inside  and  weights  are  built  or  placed  upon  the 
caissons,  causing  them  to  sink.  If  brick  or  concrete  cylin- 
ders are  used,  the  bottom  must  rest  on  a  timber  or  iron  curb 
with  a  cutting  edge. 

Pneumatic  caissons  usually  consist  of  a  strong  grillage 
of  timber,  laid  diagonally  and  crosswise,  strongly  bolted 
together,  beneath  which  a  strong  cutting  edge  of  timber, 
sheathed  with  iron,  is  provided.  The  height  of  this  cutting 
edge  is  sufficient  to  permit  the  work  to  be  carried  on  beneath 
the  under  side  of  the  caisson.  An  air  pressure  sufficient  to 
prevent  the  material  from  running  in  around  the  cutting 
edge  is  maintained  in  this  open  space.  As  the  material  is 
excavated  from  beneath  it,  the  caisson  sinks.  The  exca- 
vated material  is  taken  out  in  buckets  through  the  air  lock. 
As  the  caisson  sinks,  the  masonry  is  built  upon  it  until  the 
cutting  edge  finally  reaches  the  hard  material,  after  which 
the  space  between  the  cutting  edge  and  the  under  side  of 
the  timber  platform  is  filled  with  concrete. 

Another  method  of  dealing  with  quicksand  is  to  solidify  it 
by  liquid  cement  by  means  of  pipes  sunk  into  the  ground. 
Liquid  hydraulic  cement  is  forced  down  through  one  pipe 
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and  suction  is  maintained  in  the  other;  by  this  means  the 
cement  is  drawn  from  the  supply  pipe  over  to  the  exhaust  pipe 
and  the  intervening  material  is  saturated  with  it.  By  chan- 
ging the  position  of  the  pipes  often  enough,  a  stratum  or 
area  of  quicksand  saturated  with  cement  can  be  produced, 
which,  upon  hardening,  forms  an  artificial  stone. 

12.  Culm. — It  is  frequently  necessary  in  the  anthracite 
regions  to  build  at  least  temporary  structures  upon  culm  or 
refuse  from  mines.  This  material  is  composed  of  fine 
particles  of  coal  and  slate,  being  exceedingly  springy  or 
elastic  when  in  beds  of  considerable  thickness  and  is  a 
dangerous  material  upon  which  to  build.  This  is  especially 
true  when  it  is  not  thoroughly  confined  or  the  building  is  so 
situated  that  its  foundations  are  not  well  within  the  slope  of 
repose,  or  slope  which  the  material  naturally  assumes  when 
dumped  or  piled  loosely.  Another  great  danger  in  building 
upon  culm  and  similar  materials  exists  in  the  liability  of  the 
material  to  be  washed  away  by  heavy  rains,  fire-streams,  or 
leaky  mains.  Under  no  condition  should  culm  be  subjected 
to  a  greater  pressure  than  i  to  f  ton  per  square  foot. 

13.  Foundations  Over  Mines,  Etc. — Large  buildings 
have  been  destroyed  by  the  failure  of  the  principal  piers 
built  over  long-disused  cisterns  or  vaults,  which  in  the 
course  of  time  have  been  forgotten  and  filled  over.  A 
principal  pier  in  one  instance  did  not  break  through  the 
covering  of  the  cistern  until  the  building  was  far  along  in  its 
construction,  so  that  the  failure  of  the  pier  precipitated  the 
destruction  of  almost  the  entire  building. 

In  the  hard-coal  section  of  this  country,  cities  of  importance 
are  frequently  undermined  by  galleries  or  veins  which  have 
been  worked,  and  these  are  often  near  the  surface.  When 
heavy  buildings  are  erected  in  such  localities,  the  position  of 
the  building  with  reference  to  these  mine  workings  must  be 
investigated;  then,  if  the  roof  of  the  working  does  not  seem  to 
offer  adequate  strength,  some  means  of  support  must  be  pro- 
vided. The  working,  if  abandoned,  may  be  filled,  or  a  better 
method  would  be  to  extend  piers  through  to  the  solid  floor. 
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One  great  danger  exists  in  such  localities  from  the  fact 
that  surface  water  is  likely  to  run  along  the  hard-pan  or 
shaly  roof  of  the  working,  and  thence  down  through  fissures 
in  some  abandoned  working.  In  such  an  instance  a  tunnel 
will  frequently  be  formed  by  the  action  of  the  subterranean 
stream,  and  where  a  heavy  foundation  is  placed  above, 
'damaging  settlement  is  likely  to  occur  which  may  possibly 
cause  the  failure  of  the  building. 


BEARING  VALUE  OF  FOUNDATION  SOILS 

14.  There  is  some  difference  of  opinion  regarding  the 
safe  bearing  value  of  foundation  soils,  due  probably  to 
the  difficulty  of  arriving  at  any  experimental  results  that 
will  have  a  general  application.  Conservative  engineering 
practice,  however,  dictates  that  the  greatest  unit  pressure 
on  the  different  foundation  soils  shall  not  exceed  the  values 
given  in  the  following  table: 

TABLE  I 

SAFE    BEARING    VALUES     OF    DIFFERENT    FOUNDA- 
TION   SOILS 


Materials 


Tons  per 
Square  Foot 


Granite  rock  formation 

Limestone,  compact  beds 

Sandstone,  compact  beds 

Shale  formation,  or  soft  friable  rock  .... 

Gravel  and  sand,  compact 

Gravel,  dry  and  coarse,  packed  and  confined  . 
Gravel  and  sand,  mixed  with  dry  clay  .  . 
Clay,  absolutely  dry  and  in  thick  beds  .  .  . 
Clay,  moderately  dry  and  in  thick  beds  .  .  . 
Clay,  soft  (similar  to  Chicago  clay)  .  .  .  . 
Sand,  compact,  well-cemented,  and  confined  . 
Sand,  clean  and  dry,  in  natural  beds  and  confined 
Earth,  solid,  dry,  and  in  natural  beds      .     .     . 
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BUILDING  LAWS  REGARDING  FOUNDATION  SOILS 

15.  The  observance  of  the  revised  building  laws  of  the 
several  cities  is  considered  good  engineering  practice,  for 
they  are  usually  the  results  of  careful  investigations  and 
records  of  long  experience.  The  following,  quoted  from 
the  New  York  Building  Law,  is  interesting  and  gives 
bearing  values  that  are  well  within  the  safe  limits. 

Where  no  test  of  the  sustaining  power  of  the  soil  is  made, 
different  soils,  excluding  mud,  at  the  bottom  of  the  footings 
shall  be  deemed  to  safely  sustain  the  following  loads  to  the 
superficial  foot,  namely: 

Soft  clay,  1  ton  per  square  foot. 

Ordinary  clay  and  sand  together,  in  layers,  wet  and  springy, 
2  tons  per  square  foot. 

Loam,  clay,  or  fine  sand,  firm  and  dry,  3  tons  per  square  foot. 

Very  firm,  coarse  sand,  stiff  gravel,  or  hard  clay,  4  tons 
per  square  foot,  or  as  otherwise  determined  by  the  Commis- 
sioner of  Buildings  having  jurisdiction. 

Where  a  test  is  made  of  the  sustaining  power  of  the  soil, 
the  Commissioner  of  Buildings  shall  be  notified  so  that  he 
may  be  present  in  person  or  by  representative.  The  record 
of  the  test  shall  be  filed  in  the  Department  of  Buildings. 

When  a  doubt  arises  as  to  the  safe  sustaining  power  of  the 
earth  upon  which  a  building  is  to  be  erected,  the  Depart- 
ment of  Buildings  may  order  borings  to  be  made,  or  direct 
the  sustaining  power  of  the  soil  to  be  tested  by  and  at  the 
expense  of  the  owner  of  the  proposed  building. 


MATERIALS  OF  STRUCTURAL 

ENGINEERING 

(PART  2) 


MASONRY 


INTRODUCTION 

1.  The  materials  of  masonry  construction  include  gtone, 
brick,  terra  cotta,  and  the  cementing  materials — cement,  lime, 
and  sand — used  in  the  manufacture  of  the  mortars.  That  an 
intelligent  working  knowledge  of  these  materials  may  be 
had,  it  is  necessary  to  know  something  of  the  elements  that 
compose  them. 

Though  an  extensive  knowledge  of  chemistry  and  geology 
would  be  valuable  to  the  structural  engineer,  his  practice 
involves  only  an  elementary  knowledge  of  these  subjects. 
This  acquaintance  is  necessary,  however,  in  order  that  he 
may  know  the  chemical  and  physical  nature  of  the  materials 
with  which  he  builds.  Therefore,  the  first  portion  of  this 
Section  is  devoted  to  a  brief  description  of  the  principal 
elements  of  nature  that  combine  to  constitute  stones  and 
minerals,  and  following  this  is  given  a  condensed  geological 
description  that  will  furnish  an  insight  into  the  physical  for- 
mation of  the  rocks  from  which  building  stones  are  obtained. 

2.  Elements  and  Compounds. — Every  substance  or 
mass  of  rnatter  is  either  an  element,  a  compound,  or  a  mixture. 

Any  substance  that  can  be  decomposed  or  divided  into 
separate  substances  is  called  a  compoxmd.  For  example,  if 
an  electric  current  is  passed  through  water,  the  water  slowly 
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disappears  and  two  gases  are  formed.  These  gases  are 
entirely  unlike,  and  neither  resembles  the  water  from  which 
it  was  produced.  Likewise,  lime  can  be  divided  into  two 
other  substances,  calcium  and  oxygen. 

There  are  substances,  however,  like  iron,  gold,  sulphur, 
and  arsenic,  that  have  never  been  decomposed  into  other 
substances.     These  are  called  elements. 

In  referring  to  an  element,  it  is  customary  to  simply  use 
the  symbol,  which  is  usually  the  first  letter  of  the  name. 
Thus,  H  stands  for  hydrogen,  C  for  carbon,  etc. 


CHEMICAL    ELEMENTS 

3.  About  seventy  elements  have  been  found  in  the  earth, 
but  of  these,  fourteen  in  various  combinations  form  nearly 
the  entire  crust  of  the  earth.  These  elements,  named  in  the 
approximate  order  of  their  importance,  are  oxygen,  silicon, 
aluminum,  iron,  calcium,  magnesium,  potassium,  sodium, 
carbon,  hydrogen,  phosphorus,  sulphur,  chlorine,  and  man- 
ganese, to  which  may  be  added  nitrogen,  for  though  it  does 
not  enter  into  the  rocks  to  a  great  extent,  it  forms  about 
79  per  cent,  of  the  air. 

As  all  these  elements  are  ready  to  form  combinations  with 
others,  they  are  seldom  found  uncombined  and  there  is  a 
constant  tendency  to  change,  the  old  combinations  being 
broken  up  and  new  combinations  being  formed.  One  of  the 
most  active  of  the  elements  in  this  respect  is  oxygen. 

4.  Chemical  Combination. — When  two  or  more  ele- 
ments are  brought  into  contact  under  favorable  circumstances, 
they  will  combine  and  form  a  substance  unlike  either  of  the 
elements.  For  example,  hydrogen,  an  exceedingly  light 
gas,  will  burn  in  the  air  with  a  light  blue  flame.  This  burn- 
ing is  a  form  of  chemical  combination,  in  which  the  hydro- 
gen unites  with  another  gas,  the  oxygen  of  the  air,  and 
forms  water,  a  substance  with  which  we  are  all  familiar. 

Chemical  combination  produces  heat;  chemical  separation, 
on  the  other  hand,  absorbs  heat.  Thus,  if  carbon  and 
oxygen  are  brought  together  at  high  temperature,  they  will 
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combine  and  form  carbon  dioxide;  hydrogen  and  oxygen  corn- 
bine  to  form  water;  hydrogen,  nitrogen,  and  oxygen,  when 
combined  in  certain  proportions,  form  nitric  acid;  a  given 
volume  of  nitrogen  and  three  times  that  volume  of  hydrogen 
combine  and  form  ammonia,  a  gas  that  differs  greatly  from 
both  nitrogen  and  hydrogen.  In  each  of  these  combinations 
a  certain  amount  of  heat  is  produced;  to  separate  the  ele- 
ments again  an  amount  of  heat  will  be  absorbed  exactly 
equal  to  that  produced  by  their  combination. 

5.  It  is  supposed  that  the  molecules  of  most  elements, 
such  as  hydrogen  or  oxygen,  are  composed  of  two  atoms.  A 
molecule  is  the  physical  unit,  or  the  smallest  portion  which, 
so  long  as  the  substance  is  chemically  unchanged,  keeps 
together  without  complete  separation  of  its  parts,  while  an 
atom  is  the  chemical  unit,  or  the  smallest  mass  of  an 
element  that  can  exist.  It  is  further  supposed,  by  chemists, 
that  equal  volumes  of  all  gases,  whether  simple  or  com- 
pound, contain  the  same  number  of  molecules;  thus,  a  cubic 
foot  of  hydrogen,  a  cubic  foot  of  air,  a  cubic  foot  of  steam, 
contain  the  same  number  of  molecules. 

Suppose,  now,  that  a  cubic  foot  of  hydrogen  gas  is 
allowed  to  come  into  contact  with  a  cubic  foot  of  chlorine 
gas;  if  the  mixture  is  exposed  to  heat  or  light,  the  gases 
combine.'  The  process  of  combination  is  explained  as  fol- 
lows: There  is  a  certain  attraction  or  affinity  between  the 
hydrogen  and  the  chlorine  atoms.  Under  the  influence  of 
heat  or  light,  this  attraction  becomes  so  strong  that  the  two 
atoms  composing  the  molecule  of  hydrogen  are  torn  apart. 
Likewise,  the  atoms  composing  a  molecule  of  chlorine 
separate.  Each  atom  of  chlorine  seizes  upon  an  atom  of 
hydrogen  and  forms  a  molecule  of  an  entirely  new  gas,  viz., 
hydrochloric  acid  gas.  Since  each  atom  of  chlorine  takes 
one  atom  of  hydrogen,  it  is  plain  that  the  number  of  mole- 
cules of  each  gas  must  be  the  same.  In  other  words,  a 
cubic  foot  of  chlorine  requires  a  cubic  foot  of  hydrogen  to 
combine  with  it;  these  gases  cannot  be  made  to  combine  in 
any    other   proportion.     For    example,    if    3    cubic    feet    of 
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chlorine  were  placed  in  contact  with  2  cubic  feet  of  hydrogen, 
4  cubic  feet  of  hydrochloric  acid  gas  would  be  formed,  and 
the  extra  cubic  foot  would  still  remain  chlorine.  The 
symboi  for  hydrochloric  gas  is  HCl. 

Suppose,  now,  that  hydrogen  and  oxygen  are  placed  in 
contact  and  heated;  they  will  combine  and  form  steam  (or 
water).  But  it  will  be  found  that  each  atom  of  oxygen 
seizes  two  atoms  of  hydrogen  to  form  a  molecule  of  water, 
and,  therefore,  the  volume  of  hydrogen  must  be  double  the 
volume  of  the  oxygen  with  which  it  combines.  This  is 
shown  by  the  symbol  for  water,  H,0;  that  is,  two  parts  or 
atoms  of  hydrogen  to  one  of  oxygen.  Similarly,  the  symbol 
for  ammonia  is  NH^;  that  is,  three  parts  of  hydrogen  to  one 
of  nitrogen.  Again,  hydrogen  and  carbon  form  a  com- 
pound; each  atom  of  carbon  seizes  four  atoms  of  hydrogen 
and  forms  a  molecule  of  marsh  gas;  the  symbol  for  marsh 
gas  is  therefore  CHt. 

The  symbol  of  any  compound  indicates  how  the  atoms  of 
the  elements  combine  to  form  the  compound.  Thus,  the 
symbol  H^O  shows  that  two  atoms  of  hydrogen  and  one  of 
oxygen  unite  to  form  a  molecule  of  water.  The  symbol 
HiSOt  (sulphuric  acid)  shows  that  a  molecule  of  the  sul- 
phuric acid  contains  two  atoms  of  hydrogen,  one  of  sulphur, 
and  four  of  oxygen. 

6.  Combination  by  "Weight. — A  cubic  foot  of  hydrogen 
combines  with  just  1  cubic  foot  of  chlorine.  On  weighing 
each  gas,  it  is  found  that  the  cubic  foot  of  chlorine  weighs 
35.5  times  as  much  as  the  cubic  foot  of  hydrogen.  A  cubic 
foot  of  oxygen  weighs  16  times  as  much  as  a  cubic  foot  of 
hydrogen. 

As  like  volumes  of  gases  contain  equal  numbers  of  mole- 
cules, and  oxygen  and  hydrogen  molecules  contain  two  atoms 
each,  like  volumes  of  the  two  gases  must  contain  equal 
numbers  of  atoms.  Now,  since  the  former  weighs  16  times 
as  much  as  the  latter,  it  follows  that  an  atom  of  oxygen 
weighs  16  times  as  much  as  an  atom  of  hydrogen.  Similarly, 
an  atom  of  chlorine  weighs  35.5  times  as  much  as  an  atom  of 


§8  STRUCTURAL  ENGINEERING  5 

hydrogen.  This  ratio  between  the  weight  of  an  atom  of  any 
element  and  the  weight  of  an  atom  of  hydrogen  is  called 
the  atomic  weiglit,  or  the  clieniical  equivalent,  of  the 

element.  The  atomic  weight  of  any  element  (or  compound) 
may  be  found  by  dividing  the  weight  of  a  given  volume,  say 
a  cubic  foot,  of  the  element,  when  in  a  gaseous  state,  by  the 
weight  of  a  cubic  foot  of  hydrogen.  The  atomic  weight  is, 
therefore,  about  the  same  thing  as  specific  gravity,  hydrogen 
being  the  base  of  comparison  instead  of  water  or  air. 
Elements  combine  with  other  elements  or  parts  of  com- 
pounds in  proportion  to  their  atomic  weight,  or  some 
simple  multiple  of  it. 

7.  The  atomic  weights  of  some  of  the  elements  con- 
sidered in  this  Section  are  as  follows: 

Hydrogen,  H 1.0 

Oxygen,  O 16.0 

Nitrogen,  N 14.0 

Carbon,  C 12.0 

Sulphur,  ^^ 32.0 

Chlorine,  CI 35.5 

By  the  aid  of  these  atomic  weights,  the  composition  of  any 
substance,  by  weight,  can  be  found  when  its  symbol  is 
known.  For  example,  take  water,  77,0;  multiply  the  number 
of  atoms  of  each  element  by  the  atomic  weight  of  the  atom. 

Thus, 

2x1=     2  parts,  by  weight,  of  hydrogen 
1  X  16  =  16  parts,  by  weight,  of  oxygen 
18  parts,  by  weight,  of  water 

Water,  then,  is  composed  of  i^  =  11.11  per  cent,  of 
hydrogen,  and  tI  =  88.89  per  cent,  of  oxygen.. 

As  another  example,  take  carbon  dioxide,  CO^.     We  have 

1  atom  of  CX  atomic  weight,  12  =  12  parts,  by  weight,  of  C 
2atomsof  C  X  atomic  weight,  16  =  32  parts„by  weight,  of  O 

44  parts,by  weight,  of  CO, 

Hence,  CO.  contains  ff  =  27.27  per  cent,  of  carbon  and 
ff  =  72.73  per  cent,  of  oxygen.     From  these  examples  it  is 
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plain  that  the  atomic  weight  of  water  is  18,  and  of  carbon 
dioxide  44. 

8.  Mixtures. — Two  or  more  elementary  substances 
may  be  mixed  together  and  yet  not  combine  to  form  a  new 
substance;  they  are  then  said  to  form  a  mixture.  The 
mixture  has  the  properties  of  the  elements  composing  it. 
The  most  familiar  example  of  a  mixture  is  ordinary  air, 
which  is  composed,  of  23  parts,  by  weight,  of  oxygen  and 
77  parts,  by  weight,  of  nitrogen.  The  two  gases  are  not 
combined  chemically;  they  are  simply  mixed. 

9.  Specific  Gravity. — This  value  is  the  ratio  of  the 
weight  of  a  given  substance  to  that  of  a  standard  substance. 
For  solids  and  liquids,  the  standard  is  pure  water  at  a  tem- 
perature of  62°  F.;  while  for  gas,  the  standard  is  usually 
hydrogen  gas,  though  sometimes  air.  Frequently,  however, 
the  specific  gravity  of  gases  is  measured  with  water  as  a 
standard. 

The  weight  of  a  cubic  foot  of  pure  water  at  62°  F.  is 
62.355  pounds;  so  that  in  order  to  find  the  weight  per  cubic 
foot  of  any  substance,  the  specific  gravity  of  the  substance  is 
multiplied  by  62.355;  while  to  find  the  specific  gravity  of  a 
substance,  its  weight  per  cubic  foot  is  multiplied  by  the 
reciprocal  of  62.355  or  .016037.  To  ascertain  the  weight 
per  cubic  inch  of  a  substance,  its  specific  gravity  is  multi- 
plied by  .036085.  With  each  element,  briefly  treated  in  the 
following  description,  are  given  the  chemical  symbols  and  the 
specific  gravity.  The  values  given  for  the  gaseous  elements 
are  based  on  hydrogen  as  the  standard,  while  those  for  solids 
have  pure  water  at  62°  F.  for  the  basis  of  the  value. 


GASEOUS    ELEMENTS 

10.  Oxygen,  O,  specific  gravity  16,  is  a  transparent, 
colorless,  odorless  gas.  The  word  oxygen  is  derived  from 
two  Greek  words  that  literally  mean  sour  generator,  or  acid 
former,  as  it  was  formerly  believed  that  oxygen  was  a  con- 
stituent of  all  acids.  The  chemist  Davy,  however,  showed 
that  hydrogen  and  not  oxygen  was  necessary  for  an  acid. 
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'  Oxygen  is  found  in  both  a  combined  and  a  free  state.  In 
the  air  it  is  mixed,  but  not  combined,  with  nitrogen  in  the 
proportions  of  about  23  per  cent,  of  oxygen  and  77  per  cent, 
of  nitrogen.  It  is  an  important  constituent  of  all  animal  and 
vegetable  substances,  and  is  contained  in  all  mineral  sub- 
stances. In  granite,  slate,  clay,  limestone,  and  other  rocks, 
except  coal,  the  quantity  of  oxygen  is  nearly  50  per  cent.  It 
combines  with  all  other  elements  except  fluorine,  which  is  a 
gaseous  element  never  found  uncombined.  Water  dissolves 
about  4  per  cent,  of  oxygen;  about  47  per  cent,  of  the  earth's 
crust  is  composed  of  it,  while  it  constitutes  about  86  per  cent, 
of  the  water.  Decay  and  the  ordinary  forms  of  decomposi- 
tion are  simply  the  result  of  oxidation. 

11.  Hydrogen,  H,  specific  gravity  1,  is  the  lightest  of 
all  known  substances.  As  one  of  the  two  elements  constitu- 
ting water,  it  is  found  everywhere  present  in  the  crust  of  the 
earth.  In  combination  with  water,  many  minerals  forin 
the  group  of  hydrous  minerals.  It  exists  in  combination 
everywhere,  as  a  constituent  of  water,  of  all  plants  and 
animals,  and  in  numerous  minerals,  abundantly  in  coal,  petro- 
leum, bitumen,  and  in  a  lesser  degree  in  rocks.  The  amount 
of  water  chemically  combined  in  the  rocks  or  mechanically 
held  in  the  crevices  is  estimated  to  many  times  exceed  the 
amount  of  water  in  the  oceans. 

Hydrogen,  in  combination  with  carbon,  forms  the  hydro- 
carbons that  are  found  in  the  rocks  that  contain  the  remains 
of  animal  and  plant  life,  such  as  the  rocks  from  which  petro- 
leum and  natural  gas  are  obtained. 

Hydrogen,  combined  with  the  minerals,  forms  but  .21  per 
cent,  of  the  crust  of  the  earth.  The  amount  of  it  present  in 
the  air  and  water,  however,  increases  the  importance  of  this 
element. 

12.  Chlorine,  C,  specific  gravity  35.5,  is  a  nearly  trans- 
parent gas,  of  a  greenish-yellow  color.  Combined  with 
magnesium,  potassium,  or  sodium,  it  forms  the  chloride  of 
which  common  salt  is  the  most  familiar  example.  It  is 
never  found  in  a  free  state.    Chlorine  is  one  of  the  strongest 
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oxidizing  agents.  It  has  a  great  affinity  for  hydrogen  and 
most  metals,  of  which  it  forms  chlorides.  Its  most  abundant 
compounds  are  chlorides,  of  which  sodium  chloride,  NaCl,  and 
magnesium  chloride,  MgCh,  are  the  most  common  and  widely 
distributed.  Sodium  and  magnesium  chlorides  are  found  in 
sea-water,  and  all  soils  of  the  earth  contain  some  sodium 
chloride. 

Chlorine  forms  about  .01  per  cent,  of  the  crust  of  the  earth, 
but  about  2  per  cent,  of  the  oceans. 


SOLID    ELEMENTS 

13.  silicon,  Si,  specific  gravity  2.49,  is  never  found  in 
a  free  state  but  is  found  chiefly  in  the  form  of  the  oxide,  SiO„ 
commonly  called  silica  or  silicon  dioxide,  and  also  in  combi- 
nation with  oxygen  and  several  of  the  common  metals,  partic- 
ularly with  sodium,  potassium,  aluminum,  and  calcium,  in  the 
form  oi  silicates,  which  are  combinations  of  silicon  with  oxygen 
and  other  elements,  as,  for  instance,  feldspar,  which  is  a  com- 
plex silicate  of  aluminum  and  potassium.  Silicon  in  one  or 
the  other  of  these  forms  is  found  in  nearly  all  the  rocks  of  the 
earth.  In  sandstone,  it  constitutes  the  greater  part  of  the 
rock,  while  in  coal  it  is  only  present  in  small  quantities. 

Next  to  oxygen,  silicon  is  the  most  abundant  element. 
Some  extensive  mountain  ranges  consist  almost  entirely  of 
silicon  dioxide,  SiO,,  in  the  forms  known  as  quartz  and 
quartzite.  Other  ranges  are  made  up  of  silicates  that  are 
compounds  formed  by  the  combination  of  silicon  dioxide  and 
bases;  that  is,  the  greater  number  of  rocks  of  the  earth's  sur- 
face are  combinations  of  complex  silicates,  limestone,  CaCO,, 
being  the  only  important  exception.  The  clay  of  valleys,  river 
beds,  etc.  also  contains  silicon  in  large  quantities,  while  the 
sand  found  so  abundantly  on  the  seashore  is  mostly  silicon 
dioxide,  or  pulverized  quartz. 

While  it  is  difficult  to  decompose  the  oxide  in  such  a  way 
as  to  obtain  the  element,  under  proper  conditions  the  silicon 
can  be  obtained  in  the  form  of  crystals  that  are  of  a  gray 
color  and  are  harder  than  glass,  although  they  are  only  a 
chemical   curiosity.     Crystalline    silica   is   found   as  quartz, 
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rock  crystal,  and  sand  in  variously  colored  varieties,  and  the 
amorphous  (not  crystalline)  forms  of  flint,  chalcedony,  opal, 
and  others.  The  specific  gravity  of  quartz  is  about  2.6.  It 
is  very  hard  but  not  so  hard  as  ruby,  corundum,  AhO„  and 
diamond.  All  forms  of  silica  are  more  or  less  soluble  in 
alkali  by  prolonged  heating,  but  crystalline  quartz  is  the 
least  attacked.  Silicon  will  not  burn  or  dissolve  in  any  acids 
except  a  mixture  of  nitric  and  hydrofluoric  acids. 

About  27  per  cent,  of  the  crust  of  the  earth  is  composed 
of  silicon,  and  therefore  about  74  per  cent,  of  the  rocks  are 
composed  of  oxygen  and  silicon. 

14.  Aluminum,  Al,  specific  gravity  2.6,  is  a  light, 
silver-white  metal  that  is  never  found  uncombinedr  its  com- 
pounds are  mostly  silicates.  It  is  the  most  abundant  and 
widely  distributed  of  all  metals.  Combined  with  oxygen  it 
forms  the  oxide  of  aluminum,  or  alumina,  Al^O,.  Aluminum 
is  commonly  found  in  combination  with  both  oxygen  and 
silicon  and  forms  the  group  of  minerals  known  as  the 
silicates  of  alumina.  Alumina  is  found  in  all  rock  forma- 
tions, except  limestone,  and  in  nearly  200  minerals. 
Corundum,  Al^O^,,  is  the  richest  of  its  ores.  Emery  is  a 
mixture  of  the  oxides  of  aluminum  and  iron. 

The  compounds  of  aluminum  are  difficult  of  reduction. 
The  ruby  and  sapphire  are  Al,0„  colored  by  impurities. 
About  8  per  cent,  of  the  crust  of  the  earth  is  composed  of 
aluminum  and  about  80  per  cent,  of  the  crust  of  the  earth  is 
composed  of  oxygen,  silicon,  and  aluminum.  The  greater 
part  of  the  clay  soil  and  rocks  is  composed  of  these  three 
elements. 

15.  Iron  {ferrum),  Fe,  specific  gravity  7.8,  is  rarely 
found  in  an  uncombined  state,  but  is  usually  found  as  an 
oxide.  It  is  widely  disseminated  throughout  the  earth's 
crust,  of  which  it  constitutes  about  5  per  cent.,  and  its 
presence  is  shown  in  the  red  and  yellow  colors  in  the  soil 
and  rocks. 

Iron  has  a  great  affinity  for  oxygen  and,  combined  with  it, 
forms  what  is  commonly  known  as  rusi,  which  is  the  hydrated 
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oxide  of  iron.  It  commonly  exists  in  the  soil  in  the  form  of 
the  highest  oxide  and  gives  it  the  red  and  yellow  color,  but 
in  the  presence  of  an  excess  of  organic  matter,  the  ferric 
oxide  is  reduced  to  ferrous  carbonate,  and  its  red  or  yellow 
color  is  destroyed.  The  clay  of  swamps  is  always  bluish,  but 
if  this  clay  is  burned  to  brick  the  organic  matter  is  destroyed 
and  the  iron  peroxidized  colors  the  brick  red. 

16.  Calcium,  Ca,  specific  gravity  1.578,  is  a  brass-yellow 
lustrous  metal  that  is  never  found  in  an  uncombined  state. 
In  combination  it  is  very  widely  distributed  and  is  found  in 
enormous  quantities.  It  is  found  principally  as  carbonate, 
CaCO,;  in  the  form  of  limestone,  marble,  and  chalk,  as  sul- 
phate, CaSO^;  in  the  form  of  gypsum,  a.s  phosphate,  Ca^PO,. 
Calcium  combined  with  carbon  dioxide,  CO2,  and  with  another 
molecule  of  oxygen  forms  calcite,  CaCO,,  which  is  present  in 
some  marbles  and  most  limestones.  Calcium  is  slightly 
soluble  in  water,  and  in  solution  forms  the  source  from 
which  fish,  shell  fish,  and  reef-building  corals  derive  the 
materials  from  which  to  build  their  shells,  cells,  etc.  Calcium 
in  combination  with  sulphur  and  oxygen  forms  gypsum, 
CaSO,  +  2H,0. 

Calcium  enters  into  the  composition  of  many  of  the  com- 
plex silicates,  and  therefore  forms  a  constituent  of  many  of 
the  rocks.  In  the  form  of  carbonate,  such  as  chalk  and  the 
various  limestones,  it  forms  an  enormous  rock  mass  in  dif- 
ferent parts  of  the  earth.  In  some  districts  the  sulphate 
or  gypsum  is  found  in  considerable  quantities.  The  chief 
varieties  of  native  calcium  carbonate,  or  carbonate  of  lime, 
are  the  amorphous  forms,  chalk,  and  the  various  kinds  of 
limestone,  the  crystalline  forms  of  marble,  and  the  well-crys- 
tallized forms  of  calcite,  or  Iceland  spar,  and  aragonite. 
Nearly  4  per  cent,  of  the  crust  of  the  earth  is  composed  of 
calcium. 

17.  Magnesium,  Mg;  specific  gravity  1.7,  is  a  less 
abundant  element  than  calcium,  but  is  almost  invariably  asso- 
ciated with  it.  It  is  a  silver-white  metal  with  a  high  luster, 
and  is  never  found  in  a  free  state.     Magnesium  carbonate 
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is  found  as  magnesite,  MgCO^,  but  usually  occurs  with  cal- 
cium carbonate  in  dolomite  and  magnesian  limestones.  The 
sulphate  and  carbonate  may  be  found  in  many  natural 
waters.  As  silicate,  magnesium  enters  into  the  composition 
of  numerous  minerals,  as  soapstone,  serpentine,  and  meer- 
schaum, while  asbestos,  hornblende,  andmany  other  silicates, 
contain  this  element.  Magnesium  forms  about  22  per  cent. 
of  the  crust  of  the  earth. 

18.  Potassium  {kalium) ,  K,  specific  gravity  .875,  is  a 
white  metal  with  a  bright,  metallic  luster.  It  is  so  light  as  to 
float  on  water.  It  is  a  constituent  of  many  minerals,  particu- 
larly feldspar,  which  is  a  complex  silicate  of  aluminum  and 
potassium.  It  is  never  found  in  a  free  state,  but  is  present 
as  a  silicate  in  the  older  Plutonic  rocks,  which  are  rocks 
formed  from  molten  material  at  a  great  depth  and  pressure 
and  including  the  granites,  and  in  a  small  quantity  in  most 
soils.  It  is  also  present  in  sea-water.  Potassium  forms 
about  22  per  cent,  of  the  crust  of  the  earth. 

19.  Sodium  {natrium),  Na,  specific  gravity  .973,  is 
abimdant,  very  widely  distributed,  and  found  in  large  quan- 
tities, principally  as  sodium  chloride.  It  is  found  in  a  number 
of  silicates  and  enters  into  the  composition  of  an  enormous 
number  of  rocks,  being  present  in  traces  almost  everywhere. 
It  is  a  silver-white  metal  with  a  bright  metallic  luster,  with 
a  very  light  pirik  tinge,  and  is  so  light  as  to  float  on  water. 
Sodium  forms  about  22"  per  cent,  of  the  crust  of  the  earth. 

20.  Carbon,  C,  specific  gravity  3.52,  is  commonly  found 
in  combination  with  oxygen.  In  an  uncombined  state  it  is 
found  in  the  form  of  diamond  and  graphite.  It  also  forms 
part  of  the  tissue  of  all  animals  and  plants,  and  when  these 
tissues  decay  or  burn  the  carbon  unites  with  oxygen  to  form 
carbon  dioxide,  CO,,  which  in  combination  with  other  elements 
forms  the  carbonates  of  which  calcite  (calcium  carbonate)  is 
an  example. 

Carbon  is  the  central  element  of  organic  nature;  every 
living  thing  contains  it  as  an  essential  constituent.  The 
number  of  compounds  that  it  forms  is  almost  infinite,  and  they 
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present  such  peculiarities  that  they  are  commonly   treated 
under  the  head  of  "organic  chemistry." 

Carbon  is  present  in  a  number  of  rocks,  having  been 
placed  there  by  the  agency  of  organic  life,  as  in  coal,  where 
it  has  been  taken  from  the  air,  and  in  limestone,  where  it  has 
been  taken  from  the  water.  .22  per  cent,  of  carbon  is 
estimated  to  be  in  the  crust  of  the  earth.  The  diamond  is 
pure  crystallized  carbon. 

21.  Phospliorus,  P,  specific  gravity  1.84  to  2.01,  is  a 
yellowish,  translucent,  crystalline,  waxy  solid,  that  is  never 
found  in  a  free  state  because  of  its  affinity  for  oxygen  and 
other  elements.  Combined  with  oxygen  it  forms  the  phos- 
phates, of  which  phosphate  of  lime  is  the  most  common.  Its 
compounds  are  quite  abundant  and  widely  diffused,  the 
principal  one  being  calcium  phosphate,  which  occurs  in  cer- 
tain minerals  a.s  phosphorite  and  apatite. 

Phosphorus,  in  minute  quantities,  enters  into  the  bones 
and  tissues  of  many  animals  and  the  tissues  of  many  plants. 
It  constitutes  but  about  .1  per  cent,  of  the  crust  of  the  earth. 

22.  Sulphur,  5,  specific  gravity  7.086,  is  found  particu- 
larly in  the  neighborhood  of  volcanoes.  It  occurs  also  as 
sulphide,  in  combination  with  many  metals,  as  in  iron  pyrites, 
FeS,,  copper  pyrites,  FeCuS,,  etc.  As  sulphate,  it  occurs  in 
combination  with  metals  and  oxygen,  as  calcium  sulphate,  or 
gypsum,  CaSO^  +  IH^O. 

Sulphur  is  found  in  the  tissues  of  many  animals  and  plants, 
and  is  found  in  the  rocks  in  small  quantities.  It  forms  but 
about  .03  per  cent,  of  the  crust  of  the  earth. 

23.  Manganese,  Mn,  specific  gravity  7.14  to  7.20,  is  said 
to  be  the  hardest  of  metals.  It  is  brittle,  almost  infusible, 
and  looks  like  cast  iroa.  It  is  easily  oxidized  in  the  air  and 
dissolves  in  diluted  acids.  It  forms  alloys  and  imparts  val- 
uable properties  to  steel,  perhaps  by  combining  with  such 
impurities  as  sulphur  and  phosphorus,  but  this  is  uncertain. 
Manganese  is  widely  disseminated  and  its  presence  is  often 
shown  by  black  and  purple  stains  on  the  surface  of  the  rocks. 
It  forms  less  than  1  per  cent,  of  the  crust  of  the  earth. 
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COMMON    MINERALS 

24.  The  elements,  when  they  unite,  follow  definite  laws 
and  produce  definite  results,  uniting  themselves  in  regular 
proportions,  forming  molecules,  which,  if  free  to  act  under 
favorable  conditions,  often  assume  regular  geometrical  forms 
or  crystals.  These  combinations  produce  minerals,  which 
(with  the  exception  of  mercury)  may  be- defined  as  homoge- 
neous solids  of  definite  chemical  composition,  found  in 
nature,  but  not  of  apparent  organic  origin. 

A  mineral  may  be  composed  of  a  single  element,  such 
as  gold,  silver,  copper,  lead,  etc.,  or  it  may  be  made  up 
of  two  or  more  elements  chemically  combined,  as  is  usually 
the  case.  These  elements  may  be  only  slightly  bound 
•  together,  as  in  the  case  of  sulphide  of  mercury,  which 
may  be  disunited  by  the  action  of  heat,  or  they  may  be 
so  firmly  united  and  their  chemical  affinity  so  strong  that, 
like  silica,  they  may  resist  almost  any  effort  to  separate 
them.  Therefore,  some  minerals  are  enduring  and  others 
are  unstable,  and  while  the  chemical  composition  is  definite, 
it  is  subject  to  change  whenever  the  conditions  are  favor- 
able. These  changes  are  the  cause  of  the  decay  and  crum- 
bling of  rocks.  * 

Minerals  are  frequently  formed  under  conditions  that 
do  not  permit  sufificient  room  for  the  perfect  develop- 
ment of  the  crystals;  therefore,  the  perfect  crystal  is  rare. 
When  the  crystal  is  not  perfect,  though  the  internal  struc- 
ture shows  a  crystal  formation,  the  mineral  is  termed 
crystalline. 

Some  minerals,  like  diamonds  and  quartz,  are  exceedingly 
hard,  while  others,  like  graphite  or  black  lead,  are  soft. 
Some  are  brittle  and  others  are  plastic.  Most  of  the  min- 
erals are  crystalline,  though  sometimes  built  up  in  irregular 
shapes,  to  which  is  applied  the  term  amorplious,  which  means 
not  crystalline. 

The  minerals  that  make  up  the  greater  part  of  the  earth's 
crust,  named  approximately  in  the  order  of  their  impor- 
tance, are: 
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1. 

Quartz. 

6. 

The  pyroxene  group. 

2. 

The  group  of  feldspars. 

7. 

The  group  of  iron  min- 

3. 

The  group  including  cal- 

erals. 

cite,     dolomite,    and 

8. 

Gypsum. 

siderite. 

9. 

Salt. 

4. 

The  group  of  micas. 

10. 

Ice  and  its  liquid  form, 

5. 

The  amphibole  group. 

water. 

25.  Quartz. — Qua:rtz  (silica,  SiO^)  is  the  most  abundant 
mineral  in  the  crust  of  the  earth.  In  color  it  varies  from  a 
transparent  rock  crystal  to  a  jet-black  glassy  mass.  It  is 
often  colorless,  though  sometimes  topaz-yellow,  amethystine, 
rose,  smoky,  and  other  tints  occur,  also  quartz  of  various 
shades  of  red,  yellow,  green,  blue,  or  brown  are  found.  In 
some  varieties,  the  colors  are  in  bands,  stripes,  or  clouds,  of 
all  degrees  of  transparency  to  opaque,  of  a  vitreous  luster, 
with  brilliant  crystals,  sometimes  dull  and  often  waxy. 

The  common  mineral  impurities  of  quartz  are  chlorite, 
rutile,  asbestos,  actinolite,  tourmaline,  hematite,  and  limonite. 
Hematite,  or  the  red  oxide  of  iron,  is  usually  the  red  color- 
ing matter;  limonite,  another  oxide  of  iron,  is  the  yellow 
coloring  matter.  Chlorite  and  actinolite  give  the  green 
color,  and  an  oxide  of  silicate  of  nickel  an  apple-green  tint. 
Manganese  gives  an  amethystine  color,  and  carbonaceous 
matter,  such  as  color  marsh  waters,  the  smoky-brown  shades. 
Quartz  crystals  often  contain  liquid  in  cavities,  either  water, 
petroleum,  or  liquid  carbon  dioxide.  Clear  quartz  is  some- 
times speckled  with  scales  of  mica  or  rendered  opaline  by 
means  of  asbestos.  Flint  or  chert  are  often  colored  by 
mixture  with  the  materials  of  the  enclosing  rock. 

Quartz  is  sometimes  amorphous,  but  usually  crystalline, 
and  is  often  found  in  perfect  crystals;  the  varieties  of  the 
latter  include  agate,  amethyst,  and  jasper.  Quartz  is  light 
in  weight,  brittle,  and  so  hard  that  it  cannot  be  scratched 
with  a  knife.  Its  chemical  composition  is  strongly  fixed  and 
silica,  or  quartz,  once  formed,  remains  as  silica  throughout 
all  the  changes  to  which  rocks  are  ordinarily  subjected.  By 
reason  of  its  hardness  and  chemical  strength,  qiiartz  may 
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give  a  great  durability  to  rock.  There  is  no  common  mineral 
that  resists  destruction  so  well. 

Quartz  is  found  in  various  forms  and  colors,  but  may  be 
distinguished  by  the  lack  of  true  cleavage,  by  hardness, 
infusibility  before  the  blowpipe,  and  insolubility  with  the 
common  acids. 

It  is  found  nearly  everywhere  on  the  earth's  surface,  but 
is  particularly  abundant  in  granite  rocks,  sandstone,  and 
most  of  the  soils.  Wherever  found,  it  is  fresh,  pure  silica, 
and  in  this  it  differs  from  many  of  the  common  minerals, 
which  are  so  liable  to  decay. 

The  varieties  of  quartz  may  be  classified  as  vitreous,  dis- 
tinguished by  their  glassy  fracture;  chalcedo7iic,  having  a 
subvitreous  or  waxy  luster  and  generally  translucent;  jaspery 
cryptocrystalline,  having  little  or  no  luster,  and  opaque.  The 
vitreous  varieties  comprise  rock  crystal,  amethyst,  rose 
quartz,  false  topaz,  smoky  quartz,  prase,  aventurine  quartz, 
and  ferruginous  quartz.  The  chalcedonic  varieties  comprise 
chalcedony,  chrysoprase,  carnelian,  sard,  agate,  onyx,  cat's- 
eye,  flint,  rhomb  spar,  chert,  and  plasma.  The  jaspery 
varieties  comprise  jasper,  bloodstone,  Lydian  stone,  touch- 
stone, basanite,  besides  other  varieties  arising  from  the 
structure. 

26.  Feldspar  Group. — The  name  feldspar  is  given 
to  all  silicates  of  alumina  with  some  other  elements,  such  as 
magnesium,  potassium,  and  calcium.  Each  species  differs 
slightly  from  the  other  in  chemical  composition  and  mineral 
form.  The  two  most  common  divisions  are  ortlioclase  and 
plagioclase.  The  former  name  signifies  that  the  mineral 
has  the  lines  of  cleavage  at  right  angles  to  each  other,  while 
the  latter  designation  means  that  there  are  two  prominent 
lines  of  cleavage  oblique  in  direction. 

Feldspar  is  variable  in  color,  light  in  weight,  and  almost 
as  hard  as  quartz.  While  quartz  may  be  distinguished  by  its 
lack  of  cleavage,  feldspar  has  distinct  cleavage  planes. 
Feldspar  is  always  crystalline,  though  good  crystals  are  not 
common.     It  is  not  as  soluble  as  the  nearly  insoluble  quartz. 
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but  when  exposed  to  the  weather  it  begins  to  change  and 
crumble  and  in  time  changes  from  a  clear,  hard,  glassy  min- 
eral to  a  dull,  opaque  substance  that  can  be  scratched  with  a 
knife,  and  finally  becomes  a  powdery  white  clay  known  as 
kaolin,  from  which  fine  chinaware  is  made.  In  changing  to 
kaolin,  some  of  the  original  sodium,  calcium,  or  potassium 
enters  into  combination  with  other  elements,  producing  a 
soluble  salt  that  can  be  removed  by  solution  in  water; 
therefore,  when  exposed  to  the  weather,  rocks  that  contain 
feldspar  decay  and  crumble. 

27.  Calcite  Group. — The  mineral  in  the  calcite  group 
is  carbonate  of  lime,  CaCO,,  and  though  commonly  white, 
may  be  any  color.  It  is  usually  crystalline  but  frequently 
amorphous.  It  is  easily  scratched  with  a  knife,  light  in 
weight,  and  cleaves  readily  in  two  or  three  directions.  Its 
principal  varieties  are  Iceland  spar,  dog-tooth  spar,  satin  spar, 
and  limestone  (a  general  name  for  a  massive  calcite  as 
well  as  for  massive  dolomite),  as  well  as  granular  or  crys- 
talline limestone,  which  includes  all  the  fine  marbles,  com- 
pact limestone,  chalk,  hydraulic  limestone,  oolite,  pisolite, 
argentine,   etc. 

Calcite  is  the  main  constituent  of  limestone  and  is  one  of 
the  most  abundant  of  the  common  minerals.  It  is  present  in 
nearly  all  waters  on  or  in  the  earth,  and  is  being  constantly 
formed  by  the  destruction  of  minerals  that  contain  calcium. 
Its  presence  in  water  makes  it  possible  for  many  animals  and 
some  plants  to  take  it  from  solution  and  build  it  into  their 
skeletons  or  substance,  from  the  remains  of  which  great  beds 
of  limestone  are  deposited  in  the  sea. 

Calcite,  not  being  chemically  strong,  is  not  a  durable  sub- 
stance, and  hence  rocks  made  of  it  do  not  resist  the 
weather  well. 

28.  Dolomite,  or  Magnesian  Liimestone. — Dolomite 
is  calcium  magnesium  carbonate,  CaMgCO,,  and  its  usual 
colors  are  white,  or  white  tinged  with  yellow,  red,  green, 
brown,  and  sometimes  black.  Iron  and  manganese  are 
often  present,  replacing  part  of  the  magnesium  or  calcium. 
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Iron-bearing    varieties    become    brown    on    exposure,    and 
magnesia-bearing  varieties,  black. 

The  principal  kinds  of  dolomite  are  the  white,  crystalline, 
granular,  and  the  white,  massive  varieties,  of  which  the 
former  resembles  granular  limestone  and  the  latter  is  exten- 
sively used  as  a  marble.  The  latter  species  include  pearl 
spar,  rhomb  spar,  and  brown  spar.  Dolomite  resembles 
calcite  in  that  it  burns  to  quicklime  but  is  somewhat  more 
resistant.  It  forms  great  beds  of  magnesian  or  dolomitic 
limestone,  which  is  closely  associated  with  calcite. 

29.  Siderite,  or  Spathic  Iron. — Spathic  iron,  iron 
carbonate,  or  chalybite,  FeO,C  or  FeO  +  CO^,  often  contains 
some  manganese  oxide  or  magnesia  and  lime  replacing  some 
of  the  iron  protoxide,  FeO.  The  iron,  on  exposure  to  air, 
becomes  hydrous  sesquioxide,  that  is,  an  iron  oxide  having 
three  parts  oxygen  to  two  parts  of  iron,  and  gives  the 
siderite  a  brown  or  brownish-yellow  color.  The  crystallized 
or  foliated  variety  is  called  spathic  or  sparry  iron  because 
the  mineral  has  the  aspect  of  a  spar  or  crystaUized  min- 
eral. The  cleavage  of  siderite  resembles  calcite,  calcinite, 
and  dolomite. 

The  argillaceous  variety  occurs  in  nodular  or  lumpy  forms 
and  is  called  clay  ironstone,  and  is  abundant  in  coal  measures. 

Siderite  occurs  in  rocks  of  various  ages  and  often  accom- 
panies other  ores.  Large  deposits  exist  in  gneiss  and  mica 
schist,  clay,  slate,  also  in  some  limestone  and  in  the  coal 
formations,  principally  in  the  form  of  clay  ironstone. 

30.  Mica  Group. — Mica  is  a  general  name  applied  to 
a  large  number  of  minerals  that  are  complex  silicates  of 
aluminum  and  some  other  metals,  as  potassium,  lithium,  and 

-magnesium.  There  are  numerous  species  of  mica,  depend- 
ing on  differences  in  chemical  composition.  The  one  charac- 
teristic feature  of  them  all,  however,  is  .the  cleavage,  which 
is  such  that  the  mineral  splits  readily  into  thin  elastic  plates. 
Micas  vary  in  color  from  light  brown  to  deep  black,  and  are 
very  soft.  They  decay  readily,  forming  soluble  and  insol- 
uble products,  the  soluble  part  passing  off  in  the  water,  the 
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insoluble  parts  usually  remaining  as  clayey  remnants.  Some 
micas  are  not  so  easily  decayed,  however,  and  are  fre- 
quently found  in  the  soil,  on  the  beach,  and  in  beds  that 
have  been  made  from  the  decay  of  other  rocks. 

Mica  is  common  in  lava,  granites,  and  many  other  rocks. 
The  common  mica  is  called  muscovite,  which  varies  in  color 
from  white  to  green,  yellow,  and  brownish  shades,  rarely 
rose  red  or  reddish  violet.  Mica  possesses  a  pearly  luster  and 
is  transparent  or  translucent.  It  is  a  constituent  of  granite, 
gneiss,  and  mica  schist. 

31.  Amphibole  and  Pyroxene  Groups. — The  min- 
erals of  these  groups  possess  distinct  chemical  and  crystal- 
line characteristics,  which  can  be  distinguished  in  the  crystal, 
but  which  resemble  each  other  so  closely  that  they  cannot 
readily  be  distinguished  by  the  naked  eye.  HornblendeSs,  the 
common  representative  of  the  amphibole  group  and  augite, 
of  the  pyroxene  group. 

These  minerals  are  found  in  many  of  the  lavas  and  granitic 
rocks  and  are  commonly  dark-colored  with  jet-black  grains. 
They  are  complex  silicates,  and  iron  is  often  present.  They 
easily  decay,  forming  reddish  or  yellowish  stains  of  iron 
rust  as  the  iron  becomes  an  oxide.  Much  of  the  iron  color- 
ing matter  of  the  soil  is  formed  by  their  disintegration. 

32.  Ores  of  Iron. — In  addition  to  siderite,  which  is  a 
carbonate  of  iron,  several  oxides  of  iron  and  the  sulphide  of 
iron  are  quite  common.  Of  the  oxides,  the  most  common 
is  magnetite,  Fe,0^,  a  black  mineral,  frequently  crystalline, 
and  found  in  many  of  the  volcanic  rocks,  in  ore  beds,  and 
elsewhere.  When  magnetite  rusts,  it  forms  hematite,  Fe^O,, 
which  is  the  commonest  of  the  iron  ores,  and  forms  the  red 
coloring  matter  of  the  rocks.  When  hematite  is  further 
oxidized,  it  becomes  limonite,  2Fe^0,^H^0.  The  sulphide 
of  iron  or  pyrites,  FeS^,  is  found  in  many  of  the  rocks  in  the 
form  of  cubical  or  other  crystals,  and  is  of  a  brownish-yellow 
color  and  commonly  known  as  fool's  gold. 

33.  Gypsum  (Hydrous  Calcium  Sulphate).— Gyp- 
sum, CaSO,  +  2H,0,  is  sulphate  of  lime,  and  is  formed  by  the 
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decomposition  of  lime-bearing  minerals  or  by  alteration  of 
the  carbonate  of  lime  by  the  sulphate.  It  is  soluble  in  water. 
Gypsum,  in  appearance,  resembles  calcite  somewhat  and  has 
a  cleavage  nearly  as  perfect  as  that  of  some  of  the  micas, 
but  the  cleavage  plates  are  not  elastic.  While  present  all 
through  the  crust  of  the  earth  gypsum  is  not  abundant.  It  is 
rarely  found  in  large  quantities,  and  when  it  is  thus  found  it 
is  mined  for  plaster  of  Paris.  Its  principal  varieties  are 
selenite,  radiated  and  fibrous  gypsum,  and  alabaster. 

34.  Salt,  or  Halite. — Salt  is  chloride  of  sodium,  NaCl. 
Chlorine,  which  is  one  of  the  strongest  of  the  oxidizing 
agents,  has  such  strong  affinities  that  it  never  occurs  in  a 
free  state.  Its  most  abundant  compound  is  sodium  chloride, 
which  is  very  soluble.  The  salt  in  the  ocean  has  been 
originally  derived  from  the  rocks  reaching  it  in  solution. 

35.  Ice. — Ice  is  a  substance  that  plays  a  very  important 
part  in  the  changes  that  occur  in  the  earth's  crust.  Water 
in  freezing  and  producing  ice  expands  with  great  force;  this 
expansion  is  one  of  the  most  destructive  agents  in  nature, 
and  one  with  which  the  engineer  has  frequently  to  combat. 


FOEMATIOK  AND   CHARACTBKISTICS  OF  ROCKS 

36.  Definition. — The  term  rock  is  commonly  defined 
as  a  hard  mass  of  mineral  matter,  composed  of  one  or  more 
kinds  of  minerals,  having,  as  a  rule,  no  definite  external  form 
and  liable  to  vary  considerably  in  chemical  composition. 
According  to  geology,  however,  rock  includes  all  the  consoli- 
dated materials  forming  the  crust  of  the  earth,  such  as  sand, 
gravel,  and  clay,  as  well  as  the  fragmental  or  detrital'  beds 
that  have  been  derived  from  it. 

37.  Classification. — Rocks  are  divided  into  two  princi- 
pal kinds,  according  to  their  structure  and  origin,  namely, 
stratified  and  unstratified.  .  Stratified  rocks  are  more  or 
less  consolidated  sediments  and  are  therefore  aqueous  in 
origin  and  earthy  in  structure.     Unstratified  rocks  have 
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been  more  or  less  fused  and  are  therefore  igneous  in  origin 
and  either  crystalline  or  glassy  in  structure. 

The  rocks  of  the  earth's  crust  owe  their  formation  to  five 
different  causes: 

1.  The  solidification  of  molten  rock,  as,  for  instance,  the 
lavas. 

2.  The  chemical  precipitation  from  water,  as  illustrated 
by  the  beds  of  salt. 

3.  The  action  of  animals  or  plants,  as  exemplified  in  the 
case  of  coral  or  coal  strata. 

4.  The  mechanical  destruction  of  other  rocks,  as  in  the 
sand  and  clay  beds. 

5.  The  alteration  or  metamorphism  of  one  of  these  classes 
of  rocks,  as  exemplified  in  the  case  of  marble. 

Rocks  that  owe  their  formation  to  the  first  cause  are 
termed  igneous.  Rocks  that  owe  their  formation  to  the 
second,  third,  and  fourth  causes  are  termed  sedimentary  or 
stratified;  the  fifth  class  is  termed  metamorphic. 


TJNSTKATIFIEIJ,    OK    IGNEOUS,    ROCKS 

38.  Unstratified,  or  igneous,  i-ocks  can  be  distin- 
guished by  the  absence  of  true  stratification  or  the  lami- 
nation by  sorting  of  material,  by  the  absence  of  fossils,  by 
crystalline  or  glassy  texture  in  place  of  an  earthy  tex;ture, 
and  by  their  mode  of  occurrence,  all  of  which  characteristics 
are  due  to  their  mode  of  origin.  The  igneous  rocks  have 
consolidated  from  a  state  of  fusion  or  semifusion  instead  of 
being  deposited  as  sediments.  Their  original  fused  condi- 
tion is  shown  by  the  crystalline  or  glassy  texture,  and  by 
their  occurrence  in  fissures,  which  shows  that  they  were 
injected  in  a  molten  state;  also  by  their  effects,  due  to  their 
heated  condition,  on  the  stratified  rocks  with  which  they 
come  in  contact. 

Igneous  rocks  occur  in  three  principal  positions:  under- 
lying stratified  rock  and  appearing  on  the  surface  in  large 
masses,  particularly  in  the  mountain  regions;  in  vertical 
sheets  intersecting  the  stratified  rocks  or  other  igneous  rocks; 
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in  streams  or  sheets  overlying  the  stratified  rocks  or  some- 
times between  the  strata,  sometimes  as  veins  connected  with 
the  tmderlying  masses  of  igneous  rocks.  They  occupy  but 
a  small  portion  of  the  surface  of  the  earth,  estimated  to 
be  about  one-tenth  of  the  land  surface,  but  underneath  the 
stratified  rocks  they  are  supposed  to  form  the  great  mass 
of  the  earth. 

Igneous  rocks  are  classified  into  two  groups:  the  Pluionics, 
or  the  granitics,  and  the  volcanics,  or  the  true'  eruptives.  The 
Plutonlcs  are  coarse-grained  and  occur  only  in  great  masses 
either  underlying  the  stratified  rocks  or  appearing  on  the 
surface  over  wide  areas,  especially  in  the  axes  of  mountain 
ranges.  Usually,  the  granitics  have  not  been  erupted  at  all, 
although  they  often  form  the  reservoirs  from  which  the 
eruptive  rocks  are  derived.  The  volcanic,  or  eruptive, 
rocks  are  fine-grained,  sometimes  glassy,  and  are  found  in 
sheets  injected  among  the  strata  or  as  streams  and  sheets 
outpoured  on  the  surface.  The  term  trappean  has  been 
applied  to  the  eruptive  rocks  that  are  injected  among  the 
stratified  rocks. 

These  rocks  may  be  briefly  summarized  as  the  granitic, 
which  occur  beneath,  the  trappean,  which  are  injected  among, 
and  the  volcanic,  which  are  outpoured  on,  the  stratified  rocks. 

39.  Granitic,  or  Plutonic,  Kocks. — The  granitic 
groups  are  found  in  great  masses  and  never  in  sheets  or 
streams.  They  are  very  coarse-grained  in  texture  and  have 
a  mottled  or  speckled  appearance,  due  to  the  crystals  of 
which  they  are  formed  being  of  considerable  sizes  and 
of  various  colors  aggregated.  These  crystals  mainly 
consist  of  quartz,  feldspar,  mica,  and  hornblende.  The 
quartz  crystals  are  bluish,  glassy,  transparent  spots.  The 
feldspar  crystals  are  opaque,  whitish,  greenish,  or  rose-colored 
crystals  with  fluted  surfaces.  The  hornblende  crystals  are 
usually  black  spots.  The  mica  may  be  distinguished  by  its 
thin,  scaly  structure,  the  color  of  which  is  pearly  or  black. 
The  term  granitic  has  been  applied  to  this  group  because 
granite  is  its  best  type;  in  fact,  all  these  rocks  are  commonly 
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called  gra^iite  by  those  unfamiliar  with  mineralogy.  Thus, 
true  granite  consists  of  quartz,  feldspar,  and  mica,  with 
hornblende  and  talc  sometimes  appearing  as  impurities. 
Syenite  is  feldspar  and  hornblende  frequently  associated  with 
quartz,  mica,  etc. 

Igneous  rocks,  whether  Plutonic  or  volcanic,  are  divisible 
into  two  subgroups:  the  acidic  rocks  and  the  basic  rocks.  In 
the  acidic  i-ocks,  quartz  and  potash  feldspar  (orthoclase) 
predominate;  in  the  basic  rocks,  hornblende  or  augite  and 
soda  lime  feldspar  (plagioclase)  predominate.  The  acidic 
rocks  are  light-colored  and  not  so  dense  as  the  basic  group; 
the  basic  rocks  are  darker  and  heavier  than  the  acidic  group. 
These  two  groups,  while  sometimes  sharply  defined,  fre- 
quently grade  into  each  other.  Granite  is  the  best  type 
of  the  acidics,  and  diorite,  particularly  gabbro  and  diabase, 
of  the  basics. 

40.  Trappean,  or  Intrusive,  Kocks. — This  group  of 
rocks  is  intermediate  between  the  Plutonics  and  the  volcanics. 
They  occur  in  sheets  intruded  among  the  strata,  particularly 
of  the  older  rocks.  They  are  finer  grained  than  the  Plu- 
tonics and  more  crystalline  than  the  volcanics,  presumably 
because  they  cooled  more  rapidly  than  the  Plutonics  and  less 
rapidly  than  the  volcanics. 

The  trappean  rocks  are  also  divisible  into  acidics  and 
basics.  Felsite  andporphyry  are  among  the  acidics,  and  diorite 
and  diabase  are  among  the  basics.  Diorite  and  diabase, 
when  occurring  among  the  intrusive  rocks,  are  finer 
grained  than  the  massive  varieties.  Felsite  is  a  fine-grained, 
light-grayish  rock,  consisting  essentially  of  orthoclase 
and  quartz.  Porphyry  consists  of  a  fine-grained,  feldspar, 
ground  mass,  with  large  crystals  of  feldspar  dissem- 
inated through  it.  Any  rock  is  said  to  be  porphyritic.  How- 
ever, if  it  consists  of  a  fine-grained  ground  mass  with  large 
crystals  of  any  kind  disseminated  through  it,  as  porphyritic 
diorite  and  porphyritic  granite. 

41.  Volcanic,  or  Eruptive,  Rocks.— The  volcanic,  or 
eruptive,    rocks    are   distinguished   from    the  Plutonic   and 
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trappean  by  their  texture  and  mode  of  occurrence.  In  tex- 
ture they  are  characterized  by  a  crystalline  structure,  though 
some  of  the  fine-grained  varieties  are  microcrystalline  and 
are  in  a  more  or  less  uncrystalline  or  glassy  base  or  cement, 
showing  that  the  fused  mass  has  cooled  too  quickly  to  permit 
of  complete  crystallization.  Frequently  these  rocks  are  in  a 
wholly  glassy  condition. 

These  rocks  are  also  divisible  into  the  acidic  and  the  basic. 
Trachyte  may  be  taken  as  a  type  of  the  acidics.  It  is  a 
light-colored  rock  and  rough  to  the  touch,  consisting  essen- 
tially of  orthoclase  with  more  or  less  quartz.  When  the 
quartz  grains  are  conspicuous  it  becomes  rhyolite.  Phono- 
lite  is  a  dense  variety,  of  light  grayish  color,  that  splits  into 
slabs  on  weathering  and  has  a  metallic  ring  under  the  hammer. 
Obsidian  and  pumice  are  glassy  scoriaceous  (that  is,  of  cin- 
der or  siaglike  foundation)  varieties  of  trachyte.  Basalt  is 
a  type  of  the  basics.  It  is  a  very  dark,  almost  black,  heavy 
rock,  with  an  almost  invisible  fine-grained  texture,  and  consists 
of  plagioclase  with  augite,  olivine,  and  magnetite,  Bolorite 
has  a  similar  composition,  but  has  a  more  distinctly  crystal- 
line texture  and  is  therefore  dark  grayish  in  color. 

42.  The  volcanic  or  eruptive  rocks  have  been  formed  in 
two  ways:  through  the  craters  of  volcanoes,  in  which  the 
fused  mass  comes  up  through  the  opening  and  flows  off  in 
streams  or  is  thrown  out  as  cinders  and  ashes;  or,  it  comes 
up  through  great  fissures  in  the  crust  of  the  earth,  frequently 
hundreds  of  miles  long,  and  spreads  as  extensive  sheets. 
These  two  methods  of  formation  may  be  called  crater  erup- 
tion and  Hssure  eruption.  The  greater  part  of  the  rocks  on 
the  surface  of  the  earth  is  due  to  the  latter  method. 

The  fissure  eruptions  may  be  subdivided  into  three  classes: 
dikes,  overflow  sheets,  and  intercalary  beds. 

Dikes  are  vertical  sheets,  filling  great  fissures  in  other 
igneous  or  stratified  rocks  and  are  the  most  common  of  all 
methods  of  occurrence  of  eruptives  and  intrusive  rocks. 

Overflow  sheets  are  masses  of  lava  that  have  come  up, 
in  liquid  form,  through  great  fissures  and  spread  out  on  the 
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surface  as  extensive  sheets.  These  sheets  are  often  out- 
poured one  on  the  other  until  they  reach  a  total  thickness 
of  2,000  to  3,000  feet.  Some  of  these  lava  floods  are  of 
great  thickness  and  extent.  The  whole  of  Southern  Cali- 
fornia, Northwestern  Nevada,  and  a  great  part  of  Oregon, 
Washington,  and  Idaho,  and  part  of  Montana  and  British 
Columbia,  are  covered  with  these  lava  floods,  which  are 
supposed  to  have  come  up  in  fissures  in  the  Cascade  and 
Blue  Mountains,  and  spread  as  sheets  covering  the  whole 
intervening  space.  The  most  extensive  overflow  sheets  are 
usually  basalt.  The  basic  lavas,  like  basalt,  were  very  liquid 
and  spread  out  in  thin  sheets,  while  the  acidic  lavas  were 
stiffly  viscous  and  were  squeezed  out  in  dome  shape. 

Intercalary  beds  are  sheets  of  rock  found  between  strata. 
As  such  they  may  have  been  poured  out  on  the  bed  of  the 
sea  or  lake,  and  afterwards  covered  with  sediment,  or  they 
may  have  broken  through  the  strata  for  a  certain  distance 
and  then  have  spread  between  the  separated  strata. 


SEDIMENTARY    AND    METAMORPHIC    ROCKS 

43.  Sedimentary. — Some  rocks  disintegrate  through 
mechanical  or  chemical  agencies  more  readily  than  others. 
For  instance,  in  granite,  the  quartz  will  waste  very  slowly 
and  then  only  as  it  is  dissolved,  for  it  will  not  be  altered 
chemically;  the  feldspar  and  hornblende,  being  more  complex, 
are  less  durable  and  soon  commence  to  change,  finally  becom- 
ing the  clay  from  which  some  of  the  elements  go  off  in  solu- 
tion; the  quartz  grains,  left  without  cementing  material,  fall 
out  and  the  granite  crumbles.  From  the  original  minerals 
of  this  rock,  three  different  products  result:  soluble  salts, 
fine  clayey  fragments,  and  larger  grains  of  pure  quartz. 
What  is  true  of  granite  is  also  true,  in  a  certain  degree, 
of  all  rocks. 

44.  According  to  the  way  in  which  these  mineral  prod- 
ucts are  gathered  into  layers  or  strata,  they  may  be  classified 
into  three  groups  of  sedimentary  rocks:  the  iragmental ,  or 
clastic;  the  chemical  precipitates;  the  organic.     The  chemical 
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precipitates  and  some  of  the  fragmental  and  organic  rocks 
are  of  aqueous  formation.  Nearly  all  are  stratified  and  some 
of  each  group  are  truly  sedimentary. 

45.  Fragmental,  or  clastic,  rocks  are  composed  of 
distinct  fragments  of  other  rocks,  gathered  into  layers  by 
means  of  wind,  ice,  water,  or  volcanic  eruption.  Sandstones 
are  formed  of  particles  of  sand  that  have  been  gathered  into 
beds  by  one  of  these  agencies  and  consolidated.  Strata  in 
which  the  material  is  transported  by  wind  must  necessarily 
be  composed  of  fine  grains  or  dust;  ice,  water,  and  volcanoes 
can  transport  particles  of  any  size.  The  size  of  the  particles 
transported  by  the  wind  or  water  will  be  determined  by  the 
velocity  with  which  they  are  moved;  therefore,  by  the  vary- 
ing action  of  these  transporting  agencies,  the  fragments  are 
assorted  into  layers,  according  to  their  size,  the  coarsest 
being  moved  only  by  the  stronger  currents,  while  the  finer 
particles  settle  in  quiet  air  or  water,  giving  rise  to  banding 
or  stratification.  This  is  also  true  of  rocks  transported  by 
means  of  volcanic  action,  the  larger  pieces  falling  first  and 
the  finer  particles  or  ash  being  carried  great  distances. 

46.  The  pebbly  rocks  formed  at  the  base  of  a  cliff  may 
be  transported  by  water  and  rounded,  forming  pebbly  or 
granite  beds  which,  when  consolidated  into  hard  rock,  become 
known  as  a  conglomerate.  The  matrix  is  usually  sand 
that  contains  a  cement  which  binds  the  fragments  together 
and  consolidates  the  rock.  Among  the  various  kinds  of 
conglomerate  rock  are  limestone  conglomerates,  shale  con- 
glomerates, quartz-pebbly  conglomerates,  granite-pebbly 
conglomerates,  etc.  There  are  also  volcanic  conglomerates, 
composed  of  larger  fragments  of  volcanic  pumice  and  ash. 

47.  The  sandstones  may  be  coarse  in  texture,  accord- 
ing to  the  size  of  the  conglomerate,  or  very  fine  in  grain, 
almost  like  clay,  as  exemplified  in  bluestone.  Sandstones 
are  usually  composed  of  grains  of  quartz.  There  are  also 
skale  sands,  magnetite  sands,  and  garnetiferous  sands. 

Sandstones  have  been  given  different  names,  depending 
on  the  cement  that  consolidates  the  sand  grains.     Argillaceous 
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sandstone  is  applied  to  rock  that  has  a  clayey  cement.  If  the 
grain  is  fine  it  is  sometimes  called  an  arenaceous  clay.  In 
calcareous  sandstone,  the  cementing  material  is  lime.  If  the 
cementing  material  is  of  iron,  the  rock  is  ferruginous,  as 
in  the  brown  and  red  sandstone.  In  sil^iceous  sandstone,  the 
cementing  material  is  silica.  In  some  sandstones,  there  are 
many  small  angular  fragments  giving  the  rock  the  character 
of  a  grit,  which  is  used  for  grindstones.  Sandstone  rocks 
that  split  easily  in  every  direction  are  called  freestones. 
Sometimes,  owing  to  the  presence  of  many  mica  flakes,  sand- 
stone cleaves  readily  in  only  one  direction  and  it  is  then  said 
to  be  shaly  or  micaceous  sandstone. 

48.  The  clay  rocks  are  so  constructed  that  they 
frequently  split  into  layers.  Such  rock  is  called  a  shale,  the 
cleavage  depending  on  many  minute  flat  particles  of 
mineral,  often  mica.  Near  the  coral  islands,  the  grinding 
action  of  the  waves  on  the  beach  often  wears  the  coral  into 
fine  clay,  which,  in  settling  to  the  bottom,  forms  a  limy  mud, 
afterwards  becoming  transformed  into  limestone.  There 
are  many  other  kinds  of  clay  rocks,  such  as  the  kaolin  clay, 
formed  by  the  decay  of  feldspar;  and  fireclay,  which  has  lost 
its  alkalies  by  having  them  extracted  by  the  plants  that 
grew  upon  it,  leaving  the  clay  so  free  of  alkali  that  it  resists 
the  action  of  fire.  There  are  also  sandy  or  arenaceous  clays, 
containing  considerable  fine  sand,  and  carbonaceous  clays  that 
contain  fragments  of  plants. 

49.  Chemically  precipitated  rocks  are  interesting  but 
not  important.  Chemical  precipitation,  however,  has  much 
to  do  with  the  destruction  of  rocks. 

Water  passing  through  rocks  often  takes  a  mineral  in 
solution  from  one  place  and  places  it  in  another;  this  is  one 
of  the  ways  in  which  rocks  are  cemented.  The  water  often 
produces  chemical  reactions  and  sometimes  completely 
changes  entire  beds  of  rock,  as,  for  instance,  certain  lime- 
stones have  been  changed  to  magnesian  limestone  or 
dolomite,  while  others  have  been  changed  to  iron  beds  by 
the  precipitation  of  siderite  or  some  other  salt  of  iron  from 
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some   solution    of    iron    in    water.     Other    limestones    have 
been  changed  to  gypsum. 

Pure  rain  water  exerts  very  little  power  as  a  solvent  in 
the  dissolving  of  most  minerals,  but  from  decaying  vegeta- 
tion and  from  the  air  it  derives  impurities,  including 
carbonic-acid  gas,  or  it  may  encounter  alkaline  substances 
that  are  easily  dissolved.  These  impurities  transform  the 
water,  in  some  cases,  into  a  weak  acid,  and  in  other  cases, 
into  a  weak  alkali,  in  which  condition  it  may  attack  the 
minerals  directly. 

50.  Organic  rocks  comprise  calcareous,  silicious,  and 
phosphate  rocks,  and  plant  deposits. 

1.  Calcareous  Rocks. — The  greater  part  of  the  limestone 
beds  of  the  earth  have  been  formed  through  the  agency  of 
animals.  In  the  oceans,  there  are  reefs  built  of  coral  frag- 
ments, which  are  made  of  carbonate  of  lime  that  the  coral 
animals  have  abstracted  from  the  ocean  water.  On  a 
great  part  of  the  ocean  floor,  an  ooze  of  limestone  mud  is 
now  forming  deposits  like  the  chalk,  which  originated  in  a 
similar  manner.  In  past  geological  ages,  a  species  of 
animal,  now  very  rare  in  the  ocean,  built  limestone  beds  that 
are  known  as  crinoidal  limestone.  Limestones  are  composed 
of  carbonate  of  lime,  sometimes  accompanied  by  numerous 
impurities  that  color  them.  When  clay  is  present  in  large 
quantities,  the  rock  is  called  an  argillaceous  limestone,  which 
grades  into  a  calcareous  clay  rock.  They  usually  contain 
many  fossil  fragments  of  shells  or  corals. 

2.  Silicious  Rocks. — These  rocks,  of  animal  origin,  are 
not  common.  Infusorial  earth  is  composed  of  the  skele- 
tons of  microscopic  animals  and  is  found  in  shallow  lakes  and 
beneath  some  of  the  swamps.  Dlatomaceous  earth  is  a 
silicious  rock,  geologically,  containing  large  numbers  of 
silicious  cells  of  a  plant  belonging  to  the  group  of  diatoms. 

3.  Phosphate  Rocks. — In  some  places  in  the  United  States, 
particularly  near  Charleston,  S.  C,  and  Florida,  and  in 
certain  sections  of  Tennessee,  the  bones  of  marine  and  land 
animals  of    great   size   have    accumulated  into   bone  beds. 
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These  rocks  are  phosphate  of  lime.  They  are  known  as 
phospliate  i-ocks  and  are  used  to  form  the  phosphoric  acid 
of  fertilizers.  These  phosphate  rocks  have  no  value  for 
structural  purposes. 

4.  Plant  Deposits. — Vegetation  takes  carbon  from  the  air 
and  mineral  substances  from  the  water.  With  these  sub- 
stances they  form  their  structure,  which,  on  decaying,  are 
returned  in  large  part  to  the  air  of  the  earth.  In  swamps, 
where  decay  is  retarded,  the  plant  remains  may  accumulate 
in  beds  of  peat  which  may  later  on  become  transformed  into 
coal  or  mineral  fuel,  which  is  mostly  composed  of  carbon. 
Peat,  lignite  or  brown  coal,  bituminous  coal,  anthracite,  and 
graphite  are  successive  transformations  of  organic  matter. 

51.  There  are  other  forms  of  rock  that  are  directly  or 
indirectly  of  organic  origin,  while  nearly  all  the  sedimentary 
strata  have  some  sedimentary  animal  or  plant  remains.  Flint 
and  chert  are  dense,  hard  layers  of  nodules  of  silica,  some 
of  which  have  been  formed  by  silicious  animals,  although 
most  of  them  appear  to  be  of  chemical  origin. 

52.  Oolite  is  usually  a  limestone,  although  occasionally 
it  is  an  iron  or  even  a  silicious  rock.  It  is  made  up  of 
minute  grains  resembling  bunches  of  fish  eggs,  whence  its 
name.  Each  of  the  rounded  layers  is  made  up  of  concentric 
layers  like  an  onion.  Oolite  may  be  formed  in  three  ways: 
by  the  action  of  lower  forms  of  plant  life,  which  build  up  the 
grains;  by  chemical  deposit  in  water  at  the  surface,  as  in  the 
geyser  origin  of  the  Yellowstone;  and  by  a  chemical  change, 
which  causes  a  rock  of  a  different  origin  to  assume  the  con- 
ditions of  an  oolite.  Oolite  grains  are  now  accumulating  on 
many  shores,  as  those  of  Florida  and  the  Great  Salt  Lake. 

Sedimentary  rocks,  particularly  those  that  owe  their  origin 
to  mechanical  and  organic  agencies,  are  of  the  greatest 
importance  to  man,  as  they  furnish  him  with  most  of  his 
building  stones.  At  present  sedimentary  rocks  are  form- 
ing, all  over  the  globe,  on  land  and  in  the  sea.  More  than 
one-half  of  the  earth's  crust  that  is  visible  is  made  of 
sedimentary  strata. 
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53.  Metamorplilc  Rocks. — These  rocks  are  an  inter- 
mediate series  between  the  stratified  and  unstratified  rocks. 
They  are  stratified,  banded,  or  foliated  rocks,  but  crystalHne 
in  texture,  like  the  igneous  rocks,  and  are  usually  destitute 
of  fossils.  This  banding,  however,  is  quite  different  from 
stratification,  for  it  is  an  arrangement  of  crystalline  minerals, 
while  in  sedimentary  rocks  it  is  usually  a  banding  of 'frag- 
ments arranged  according  to  size  or  color,  etc.  The  meta- 
morphic  strata  result  from  complex  changes  of  other  rocks, 
in  which  the  elements  are  often  made  to  combine  in  a  new 
manner.  Given  the  same  assemblage  of  elements,  the  effects 
of  metamorphism  will  produce  the  same  result;  thus,  a  schist 
may  be  formed  from  either  a  shale  or  a  lava. 

Metamorphic  rocks  are  supposed  to  have  been  formed  from 
sediments,  like  stratified  rocks,  but  to  have  been  subsequently 
changed  by  (1)  heat,  (2)  water,  (3)  alkali,  (4)  pressure,  (5) 
crushing.  To  produce  metamorphism  by  heat  alone,  that  is, 
dry  heat,  requires  a  temperature  of  2,500°  to  3,000°  F., 
but  in  the  presence  of  water  an  incipient  change  begins  at 
400°  F.,  while  complete  hydrothermal  fusion  takes  place 
at  800°.  If  any  alkaline  carbonate  be  present  in  the  water, 
these  effects  occur  at  a  still  lower  temperature.  Pressure 
is  necessary  because  without  it  it  is  impossible  to  have  even 
such  moderate  heat  in  the  presence  of  water. 

Metamorphic  rocks  may  grade  into  stratified  rocks  on  the 
one  hand  and  into  igneous  rocks  on  the  other.  They  cover 
a  large  area;  the  older  rocks  especially,  are  found  along  the 
axes  of  great  mountain  chains.  The  whole  of  Labrador, 
the  larger  portion  of  Canada,  the  whole  eastern  slope  of  the 
Appalachian  system,  and  also  the  axes  of  the  Colorado  and 
Sierra  ranges  consist  of  them.  In  Canada,  they  are  supposed 
to  be  40,000  to  50,000  feet  thick.  They  are  very  much 
crumbled. 

54.  Metamorphism  is  nearly  always  associated  with  great 
thickness  and  crumbling.  Some  rocks,  such  as  the  igneous, 
were  originally  soHd;  many,  such  as  the  fragmental  and 
organic,  were  unconsoHdated.    Metamorphism  solidifies  these 
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rocks  and  in  some  places  changes  them  entirely.  As  a  result 
of  these  changes,  the  strata  are  so  altered  that  their  original 
condition  cannot  be  told  at  a  glance.  Sandstone  becomes  a 
dense  quartz  rock,  called  quartzite,  in  which  the  sand  grains 
may  be  no  longer  visible  to  the  eye.  A  peat  bog  may 
be  changed  to  anthracite  or  even  to  graphite.  A  dense, 
apparently  structureless,  limestone,  may  become  transformed 
to  a  white  or  variegated  marble  composed  of  many  crystals 
of  calcite,  or  a  clay ~  stratum  may  be  metamorphosed  into  a 
slate,  in  which  the  dense  rock  becomes  harder,  although  at 
the  same  time  an  ability  to  split  easily  in  one  direction  is 
introduced.  This  is  called  slaty  cleavage  and  is  one  of  the 
features  of  metamorphism.  The  cleavage  is  developed 
because  of  many  plates  of  micaceous  material  formed  in  the 
rock  as  a  result  of  heat  or  the  mashing  together  of  the  whole 
rock  mass  in  a  direction  at  right  angles  to  the  cleavage 
plane.  In  this  change  one  of  the  conditions  is  great  pres- 
sure, and  as  the  minerals  develop  they  grow  in  a  plane  at 
right  angles  to  the  direction  of  the  pressure  because  this  is 
the  plane  of  the  least  resistance,  and  because  of  the  many 
cleavage  planes  of  the  newly  formed  micaceous  material, 
slate  splits  easily  along  these  lines. 

55.  Metamorphism  of  slate  rock  continued  further  would 
develop  other  minerals  and  would  soon  be  altered  in  char- 
acter and  become  a  schist,  in  which  the  various  minerals 
are  arranged  in  bands  having  a  cleavage  no  less  marked  than 
that  of  slate.  A  schist  will  split  into  layers  much  less  easily 
and  uniformly  than  the  slate.  Schist  is  known  by  various 
names,  depending  on  the  minerals  present,  such  as  mica 
schist,  hornblende  schist,  chlorite  schist,  etc.  All  these  rocks 
are  characterized  by  the  banding  and  the  ease  of  splitting, 
which  is  due  to  the  schistose  structure  arising  from  the  band- 
ing of  the  minerals  along  these  planes.  As  in  the  case  of 
slate,  these  bands  are  at  right  angles  to  the  direction  of  the 
pressure  that  was  present  during  the  metamorphism. 

A  final  metamorphic  change  is  one  in  which  the  original 
condition  is  hidden.     The  last  stage  before  actual  melting 


§8  STRUCTURAL  ENGINEERING  31 

takes  place  produces  gneiss,  which  resembles  granite, 
except  that  it  has  its  minerals  more  or  less  perfectly- 
banded,  while  granite  is  massive  and  without  layers.  In 
granite  and  gneiss,  the  minerals  are  frequently  the  same  in 
kind  and  in  general  formation. 

56.  Where  metamorphism  has  taken  place  in  sedimentary 
rocks,  the  changes  are  sometimes  so  pronounced  that  the 
stratification  is  destroyed  and  the  original  nature  of  the  rocks 
is  so  changed  that  it  is  impossible  to  tell  whether  they  were 
originally  sedimentary  or  igneous.  Metamorphic  rocks  are 
found  in  the  earth's  crust  in  three  positions:  first,  near  some 
mass  of  intruded  igneous  rock;  second,  in  the  core  of  moun- 
tains deep  below  the  original  surface;  third,  among  the  most 
ancient  rocks,  particularly  the  Archaean,  which  are  the  lowest 
and  the  oldest  of  all  the  rocks.  In  the  latter  place  the  meta- 
morphic rocks  occur  in  great  masses. 

It  was  formerly  believed  that  metamorphic  rocks  were  part 
of  the  original  crust  of  the  earth  and  represented  the  most 
ancient  strata,  but  this  belief  has  been  proved  erroneous 
and  it  can  now  be  shown  that  the  rocks  that  have  been  very 
much  altered  belong  to  later  ages  and  are  transformations  of 
sediments  belonging  to  the  same  general  age  as  deposits  of 
shales,  limestone,  and  sandstone  in  adjoining  regions. 


JOINTS    AND    FISSURES    IN    ROCKS 

57.  All  rocks — igneous,  sedimentary,  and  metamorphic — 
are  divided  into  separable  blocksof  different  sizes  and  shapes 
by  cracks  in  various  directions;  these  cracks  are  called  ioints. 
In  stratified  rocks  one  of  the  division  planes  is  between  the 
strata  and  the  other  two  nearly  at  right  angles  to  this.  The 
different  kinds  of  rocks  have  blocks  of  characteristic  shapes 
and  sizes.  In  sandstone,  for  instance,  the  blocks  are  usually 
very  large  and  roughly  prismatic;  in  limestone,  they  are 
usually  very  regularly  cubic;  in  shale,  oblong  rhomboidal; 
in  slate,  small  and  sharply  rhombic;  in  granite,  sometimes 
large  and  roughly  cubic,  sometimes  scaling  in  concentric 
shells  producing  domes;   in  eruptives,  of  many  shapes,  such 
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as  roughly  cubic,  roughly  spherical  columnar,  etc.  These 
joints  are  supposed  to  have  been  formed  by  the  shrinkage  of 
the  rocks;  in  stratified  rocks,  in  consolidating  from  sediments; 
in  igneous  or  metamorphic  rocks,  in  cooling  from  a  state  of 
fusion  or  semifusion.  In  stratified  rocks,  the  joints  are  usually 
confined  to  the  stratum,  though  some  of  the  larger  joints 
{master  joints)  run  through  several  strata. 

Fissures  are  undoubtedly  formed  by  the  movements  of 
the  earth's  crust.  Joints  are  cracks  in  the  individual  strata, 
while  fissures  are  fractures  of  the  earth's  crust  extending 
through  many  formations  and  continuing  for  great  distances. 
Owing  to  the  great  horizontal  pressure,  due  to  the  shrinkage 
of  the  crust  of  the  earth,  the  crust  is  sometimes  thrown  into 
ridges  and  hollows,  thereby  producing  enormous  fractures 
parallel  to  the  axis  of  bending;  thus  mountain  ranges  are 
produced  parallel  to  mountain  ranges,  while  sometimes  a 
system  is  at  right  angles  to  the  main  system. 

Great  fissures  occur  in  systems,  usually  parallel  to  the 
axis  of  elevation  or  length,  and  frequently  extend  for  hun- 
dreds of  miles,  and  are  miles  deep.  When  filled,  at  the 
moment  of  formation,  with  fused  matter  from  below,  they 
form  dikes,  and  all  great  dikes  and  igneous  overflows  have 
been  through  such  fissures.  If  these  fissures  are  not  filled 
at  once  with  fused  matter,  but  are  afterwards  slowly  filled 
with  minef-al  matter,  they  form  fissure  veins. 


PHYSICAIi  PROPERTIES  OF  BUILDING  STONE 

58.  The  structural  manner  in  which  the  constituent  parts 
of  the  rocks  are  grouped  together  bears  a  greater  relation  to 
the  value  or  quality  of  the  rock  than  the  character  of  the 
minerals  composing  it;  or  in  other  words,  the  physical 
characteristics  may  be,  and  frequently  are,  more  important 
than  the  chemical  qualities. 

59.  Density.— The  weight,  strength,  and  absorptive 
properties  of  stone  are  dependent  on  the  density.  Thus, 
among   rocks   having   the    same   mineral   composition   but 
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differing  as  to  structure,  generally  the  strongest  will  be  the 
densest,  and  the  heaviest  will  be  the  least  absorptive. 

60.  Hardness. — The  manner  in  which  the  mineral  con- 
stituents of  a  rock  are  cemented  to  each  other  and  the 
individual  hardness  of  such  mineral  constituents  determine 
the  hardness  of  the  rock  as  a  structure.  The  minerals 
composing  a  rock  may  be  hard  but  the  rock  itself  as  a 
structure  will  be  soft  if  the  particles  do  not  strongly  adhere 
to  one  another.     Thus,  some  of  the  softest  sandstones  are 

_ composed  of  quartz,  which  is  a  hard  mineral,  but  the  grains 
are  so  weakly  cemented  together  that  the  stone  as  a  whole 
is  soft. 

61.  Structure. — The  structure  of  a  rock  depends  on  the 
form,  size,  and  arrangement  of  its  component  minerals.  All 
rocks  may  be  approximately  classified  as  crystalline,  vitreous 
or  glassy,  and  fragmental.  Granite  and  crystalline  limestone 
may  be  taken  as  types  of  the  crystalline  group;  obsidian  and 
pitchstone  may  be  taken  as  types  of  the  vitreous  group; 
while  the  sandstones  are  types  of  the  fragmental  group. 

62.  Though  all  rocks  have  some  common  structural 
characteristics,  certain  peculiarities  are  found  only  in  single 
types  of  rock.  If  the  structure  can  be  recognized  by  the 
unaided  eye,  the  rock  is  said  to  have  a  macroscopic  structure, 
and  such  rocks  may  be.  said  to  be  granular,  massive, 
polished,  stratified,  porphyritic,  and  concretionary. 

The  term  granular,  as  its  name  implies,  is  applied  to  rocks 
built  up  of  distinct  grains  of  crystalline,  or  fragmental  and 
water-worn  character. 

The  term  massive,  or  unstratified,  is  applied  to  rocks  that 
are  not  arranged  in  any  definite  form  in  layers,  or  strata,  but 
have  the  constituent  parts  mingled  together,  as  in  diabase 
and  granite. 

The  term  polished,  or  schistose,  is  applied  to  rocks  that 
have  their  constituents  arranged  in  definite  planes  nearly 
parallel  to  each  other. 

The  term  stratified  is  applied  to  rocks  composed  of  par- 
allel layers  or  beds,  as  is  frequently  seen  in  limestone  and 
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sandstone.  When  the  strata  are  thin  and  fine,  the  rock  struc- 
ture is  said  to  be  scaly  or  laminated. 

The  term  porphyritic  is  applied  to  rocks  that  consist  of  a 
ground  mass  of  fine  or  compact  and  evenly  crystallized 
material,  with  larger  crystals  of  feldspar  scattered  through  it. 
A  granite  fragment  has  a  porphyritic  structure,  but  it  is 
difficult  to  distinguish  owing  to  the  similarity  of  color  exist- 
ing between  the  crystals  and  the  ground  mass.  In  such  rocks 
as  the  felsites,  it  is  quite  noticeable.  In  the  porphyries  of 
Eastern  Massachusetts,  the  ground  mass  is  of  a  black  or  no 
color  and  very  compact  and  dense,  while  the  large  white 
crystal  feldspars  are  in  riiarked  contrast. 

The  porphyritic  structure  is  so  noticeable  that  any  rocks 
possessing  this  characteristic  in  a  marked  degree  are  com- 
monly termed  porphyries  without  regard  to  the  mineral 
composition.  The  word  porphyry  is  now  commonly  applied 
as  an  adjective,  because  any  rock  may  possess  this  structure, 
whatever  may  be  its  origin  or  composition. 

The  term  concretionary  is  applied  to  rocks  composed  of 
concretions  or  rounded  particles  built  up  by  the  collections 
of  mineral  matter  around  a  center  forming  a  rounded  mass 
of  concentric  layers  like  the  coating  of  an  onion.  When  the 
concretions  are  small,  like  the  roe  of  a  fish,  the  structure  is 
called  oolitic,  or  if  large  like  a  pea,  the  structure  is  called 
pisolitic.  The  Bedford,  Ind.,  limestones  are  examples  of  the 
oolitic  type.  The  concretionary  structure  is  rarely  found  in 
crystalline  rocks. 

63.  Aggregation  of  Particles. — The  hardness  of  the 
rock  depends  largely  on  the  aggregation  of  the  particles; 
therefore,  the  working  qualities  of  the  rock  are  fixed  by  the 
character  of  this  aggregation.  If  the  grains  are  loosely 
coherent  in  a  rock  composed  of  hard  minerals  it  may  work 
readily,  while  a  rock  consisting  of  softer  materials  may  be 
worked  with  difficulty  because  the  particles  tenaciously 
adhere  to  each  other. 

The  durability  of  a  stone  is,  to  a  great  extent,  a  matter  of 
texture      If  the  grains  adhere  closely,  the  stone  will  be  less 
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absorbent  and  less  durable  than  one  in  which  the  adhesion  is 
not  so  great,  as  in  the  friable  and  loose-textured  i-ocks. 

The  kind  of  fracture  shown  by  a  rock  is  determined  by  the 
fineness  or  the  coarseness  of  the  grain  and  the  relation  of 
the  particles  to  themselves  or  their  state  of  aggregation. 
Such  rocks  as  flint,  obsidian,  and  some  varieties  of  lime- 
stone have  a  compact  fine  grain  and  show,  on  fracture,  a 
concave  or  convex  shell-like  face  of  conchoidal  form,  and  are 
difficult  to  dress.  Other  stones  show,  on  fracture,'  a  jagged 
surface  or  split  along  certain  planes,  all  dependent  on  the 
aggregation  of  the  particles. 

64.  Rift  and  Grain. — Rocks  that  do  not  possess  rift 
and  grain  cannot  be  worked  into  rectangular  form  without 
great  difficulty,  unless  they  are  of  a  very  soft  nature,  but 
with  these  qualities  the  hardest  rocks  can  be  readily  worked; 
for  instance,  the  South  Dakota  quartzite,  which  is  one  of  the 
hardest  rocks  known,  can  be  as  easily  broken  into  pieces  for 
paving  as  a  soft  sandstone  or  a  granite. 

The  rift  of  a  rock  is  a  line  of  cleavage  parallel  to  the  bed 
visible  in  such  rocks  as  mica  schist,  gneiss,  and  other 
edimentary  rocks.  It  is  along  these  lines  that  the  rock  can 
be  readily  split.  Rift,  however,  is  commonly  found  in 
massive  rocks,  although  it  is  not  so  easily  discerned  as  in  the 
exarnples  cited.  The  grain  of  a  rock  is  always  at  right 
angles  to  the  plane  of  the  rift  or  bed. 

65.  Color. — The  chemical  properties  of  a  rock,  as  a  rule, 
determine  its  color.  The  color  of  granites,  however,  is 
affected  by  the  action  of  the  light  on  the  feldspars,  which 

*-TArhen  clear  and  glassy,  absorb  the  light,  making  the  rock 
apparently  darker  than  when  the  feldspars  are  white  and 
opaque  and  reflect  the  light. 

Iron,  the  principal  coloring  matter  in  rocks,  may  be  found 
in  chemical  composition  with  other  minerals  or  in  such  sim- 
pler compounds  as  the  sulphides  and  carbonates,  or  as  an 
oxide  distributed  throughout  the  mass  of  rock.  The 
brownish  or  reddish  hues  are  due  to  the  free  oxides  of  iron 
while  the  bluish  or  grayish  hues  are  caused  by  the  carbonates 
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or  the  sulphides.  The  absence  of  iron  in  any  of  its  forms  is 
usually  indicated  by  the  white,  or  nearly  white,  color  of  the 
rock.  The  permanency  of  the  color  of  the  rock  depends  on 
the  form  in  which  the  iron  is  found.  Oxidation  is  likely  to 
result  if  it  is  in  the  form  of  a  sulphide,  carbonate,  or  other 
protoxide  compound.  Therefore,  stone  containing  these 
forms  of  iron  is  apt  to  fade  and  turn  yellowish  and  stain  on 
exposure.  The  sesquioxide,  being  in  the  last  stages  of 
oxidation,  can  undergo  no  further  change  from  oxidation  and 
is  therefore  a  permanent  color;  hence,  the  decidedly  red  color 
may  be  considered  permanent.  The  blue  and  the  black  colors 
of  marbles  and  limestones  are  largely  caitsed  by  the  presence 
of  carbonaceous  matter,  usually  of  vegetable  origin. 


SILICIOUS    STONES 

66.  The  granitic  group  of  igneous  rocks  is  richest  in 
silica  and  therefore  its  members  are  known  as  silicious 
stones.  Of  this  class,  granite,  syenite,  gneiss,  greenstone, 
and  trap  and  the  harder  varieties  of  sandstone  are  most 
commonly  used  for  structural  purposes. 

67.  These  stones  compose  the  primary  rocks,  which 
are  those  rocks  supposed  to  have  been  formed  from  the 
slow  cooling  of  the  incandescent  earth.  The  granites  are 
also  unstratified,  eruptive  rocks,  and  underlie  the  stratified 
rocks.  They  are  composed  of  an  aggregation  or  assemblage 
of  crystals  of  feldspar,  quartz,  and  mica,  the  principal  impuri- 
ties being  hornblende  and  talc:  Quartz  (pure  silica,  StO,) 
has  a  hardness  of  7;  feldspar  (silica  and  aluminum,  together 
with  potash),  a  hardness  of  6;  hornblende,  a  hardness  of 
from  5  to  6;  the  small  scales  of  mica,,  a  hardness  of  3. 

The  colors  of  granite  are  white,  grayish  white,  yellowish, 
reddish,  rose,  fiesh  color,  or  deep  red,  but  rarely  green.  It 
is  distinguished  by  its  even  and  brilliant  fracture,  its  pearly 
luster,  and  its  outline,  which  is  seldom  regular,  but  in  which 
may  be  recognized  rectangles  and  parallelograms. 

Granite  varies  in  quality  according  to  the  proportions  of 
its  components    and  their  method  of    aggregation.     Stone 
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of  the  greatest  durability  and  hardness  contains  a  greater 
proportion  of  quartz  and  a  less  proportion  of  feldspar  and 
mica.  Hornblende  renders  the  stone  tough  and  heavy. 
Feldspar  renders  it  lighter  in  color,  easier  to  cut,  and  more 
susceptible  to  decomposition  by  the  solution  of  potash  con- 
tained in  it.     Mica  renders  it  friable. 

The  granites  are  among  the  most  valuable  of  the  building 
stones  and  are  extensively  used  in  important  works.  They 
can  be  readily  quarried  and  by  reason  of  the  lack  of  grain  in 
the  stone,  blocks  can  be  obtained  of  any  size.  On  account 
of  its  great  hardness,  granite  is  difficult  to  work  and  there- 
fore very  costly  to  use  if  the  stone  is  required  to  be  cut.  It 
weighs  about  166  pounds  per  cubic  foot. 

Granite  is  found  in  the  eastern  part  of  the  United  States, 
in  Canada,  in  many  parts  of  the  Alleghany  and  Rocky 
Mountains,  and,  as  a  rule,  wherever  the  later  rock  formations 
and  the  underlying  beds  have  been  left  exposed.  It  is  gen- 
erally classified  into  gray  and  red.  Gray  granite  is  found 
throughout  New  England,  the  border  states,  and  in  Virginia. 
Red  granite  is  composed  of  red  orthoclase  (aluminum 
potassium  silicates),  bluish  quartz,  and  a  little  hornblende, 
with  very  little  mica.  It  is  hard  and  takes  a  fine  polish.  It 
is  found  on  the  Bay  of  Fundy,  in  the  islands  on  the 
St.  Lawrence  River,  Virginia,  Lake  Superior,  Maine,  and 
many  points  in  the  Rocky  Mountains. 

68.  Syenite. — This  stone  derives  its  name  from  Syene 
in  Egypt.  It  consists  of  feldspar  and  hornblende,  frequently 
associated  with  mica  and  quartz;  is  of  a  granular  texture 
closely  resembling  granite;  and  is  hard  and  tough,  somewhat 
coarse-grained,  and  will  not  take  a  polish.  It  is  one  of  the 
most  durable  of  the  granitic  rocks  when  its  feldspar  constit- 
uent is  not  too  readily  decomposed  by  the  removal  of  its 
potash  when  open  to  the  weather.  For  this  reason  it  should 
be  carefully  tested  before  it  is  used. 

69.  Gneiss  and  Mica  Slate.— These  are  similar  to 
granite  in  composition  but  differ  from  it  in  being  stratified. 
Granite,  syenite,  and  gneiss  resemble  one  another  so  closely 
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that    they   are   all    frequently   called    granite    by  those    not 
familiar  with  their  characteristics. 

Gneiss  is  not  as  valuable  a  stone  as  granite  on  account  of 
its  stratification,  which  will  not  permit  it  to  be  split  in  any 
direction.  It  is,  however,  a  good  building  material  and 
often  answers  as  well  as  granite. 

70.  Greenstone,  Trap,  and  Basalt. — These  stones 
are  igneous,  unstratified  rocks,  consisting  of  hornblende 
and  feldspar.  The  term  trap  has  been  suggested  as  a 
generic  name  for  these  rocks.  The  greenstone  is  not  as 
coarse-grained  as  granite,  and  in  the  trap  and  basalt  the 
granular  structure  is  not  apparent.  The  greenstone  and 
trap  break  into  blocks  and  the  basalt  into  columns  of 
prismatic  form.  They  are  found  in  veins  and  dikes  and 
injected  among  the  stratified  rock  of  all  ages. 

These  rocks  vary  in  color,  from  nearly  white  in  some 
varieties  of  greenstone,  to  nearly  black,  as  in  basalt,  the 
difference  of  color  being  determined  by  variation  in  the  pro- 
portions of  hornblende,  which  gives  a  dark  color,  and 
feldspar,  which  gives  a  light  color.  The  green  is  due  to 
chromium.  These  stones,  while  making  very  durable  build- 
ing material,  cannot  be  obtained  in  large  blocks  and  are 
difficult  to  cut.  Trap  rock  forms  one  of  the  best  aggre- 
gates for  use  in  making  concrete. 


SEDIMENTARY    STONES 

71.  Sandstones. — Such  material  as  sandstone  consists 
of  fragmentary  rocks,  composed  mostly  of  grains  of  silica 
(or  quartz),  cemented  together  by  a  deposition  of  silica, 
carbonate  of  lime,  oxide  of  lime,  and  aluminous  matter. 
Sandstone  is  a  stratified  rock  and  belongs  to  the  later 
geological  periods. 

If  the  cementing  material  is  silica,  the  rock  is  very 
durable,  but  difficult  to  work.  Iron  oxide  in  the  cementing 
material,  consisting  of  carbonate  of  lime,  and  clayey  matter, 
gives  the  stone  a  reddish  or  brownish  color.  Lime  renders 
the  stone  particularly  liable  to  disintegration  when  exposed 
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to  an  atmosphere  containing  gases,  or  when  used  for  founda- 
tions where  the  soil  is  impregnated  with  acid  water.  The 
presence  of  clay   or  the   oxide   of  iron  is  also  deleterious. 

Sandstones  are  variable  in  character,  some  being  nearly 
as  valuable  as  granite,  while  others  are  practically  useless  for 
permanent  construction.  The  best  stone  is  characterized  by 
small  grains  with  a  small  proportion  of  cementing  material, 
and  when  broken  has  a  bright,  clear,  sharp  fracture.  It  is 
usually  found  in  thick  beds  and  shows  slight  evidences  of 
stratification.  Water  can  readily  penetrate  between  the 
layers  of  this  stone;  therefore,  in  foundations  it  should  be 
laid  on  its  natural  bed  so  that  the  penetration  of  moisture 
and  possible  disintegration  by  freezing  may  be  prevented  as 
far  as  it  may  be  possible. 

Sandstone  of  good  quality  possesses  strength  and  dura- 
bility and  can  be  readily  cut  and  dressed,  which  qualities 
make  it  one  of  the  most  frequently  used  of  our  common 
building  stones.  When  the  grains  are  extremely  small,  it  is 
termed  a  "freestone"  because  of  the  ease  with  which  it  can 
be  quarried,  cut,  and  dressed. 

Sandstones  vary  much  in  color:  The  Ohio  and  Nova 
Scotia  varieties  are  yellowish  and  cream  color  and  some- 
times nearly  white;  the  Missouri  sandstone  is  of  a  yellowish 
drab  color  and  possesses  durability;  the  Portland,  Conn., 
Newark,  N.  J.,  Marquette,  Mich.,  and  Bass  Island,  in  Lake 
Superior,  sandstones  are  of  a  dark  brownish-red  color,  which 
is  due  to  the  presence  of  iron,  and  are  termed  brownstones. 
The  Potsdam,  N.  Y.,  red  sandstone  is  durable,  hard,  highly 
silicious,  and  of  a  reddish  color.  The  Humnielstown,  Pa., 
sandstone  has  a  brownish  color. 

72.  Soapstone. — This  stone  is  the  silicate  of  magnesia 
and  is  found  in  many  places  in  the  United  States.  It 
possesses  valuable  qualities  where  a  stone  capable  of  resist- 
ing high  temperature  is  required. 

73.  Argillaceous  Stone.— Stones  of  this  nature  are 
generally  weak  and  soft  and  are  not  durable  when  exposed  to 
the  weather.     They  are  therefore  of  little  value  as  building 
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stones.  Clay  slate  is  a  sedimentary  argillaceous  rock,  fine- 
grained, compact,  and  of  a  laminated  structure.  Its  colors 
are  usually  dark  purple,  blue,  and  light  green.  The  best 
varieties  of  clay  slate  are  used  for  roofing  and  flagging. 


CALCABEOtJS    STONES 

74.  Calcareous  stones  are  composed  largely  of  lime; 
therefore,  limestones  and  marbles  are  the  most  familiar 
examples.  Limestone  is  a  carbonate  of  lime  and  effervesces 
when  attacked  by  acids  that  are  stronger  than  the  carbonic 
acid  in  its  composition,  the  weaker  acid  being  rejected  and 
new  lime  salts  being  formed.  The  carbonic  acid  can  also  be 
expelled  by  heat,  in  which  case  the  product  is  caustic  lime, 
commonly  termed  quicklime,  which  is  uncombined  lime.  All 
varieties  of  calcareous  stone  are  found  in  the  United  States. 
Extensive  deposits  are  found  in  a  line  parallel  with  the 
Atlantic  Coast;  another  deposit  underlies  the  Middle  States. 
The  marbles  are  mostly  confined  to  the  mountainous  dis- 
tricts, while  the  common  limestones  are  frequently  found 
in  immense  strata  that  have  been  deposited  on  the  bed  of 
an  ancient  ocean. 

.75.  Iii,mestones. — These  common  building  stones  are 
of  various  qualities,  some  being  hard  and  strong  while  others 
are  soft  and  friable.  There  are  two  sorts,  the  granular  and 
the  compact,  from  either  of  which  excellent  stones  may  be 
obtained.  As  they  are  usually  easily  worked,  they  are  among 
the  lowest-priced  dressed  stones  in  the  building. 

76.  Marble. — Metamorphosed  limestone  gives  masonry 
material  known  as  marble,  which  is  easily  dressed  to  a 
smooth  surface  and  polished.  The  granular  varieties  are 
generally  superior  to  the  compact  for  building  purposes.  The 
impure  carbonates  of  lime  are  sometimes  of  great  value  as 
marble.  The  magnesian  limestones,  or  the  dolomites,  are 
usually  of  excellent  quality. 

White  marble  is  found  in  the  Laurentian  rocks,  Canada, 
but  much  of  that  used  in  the  Northern  Atlantic  States  is 
obtained  from  the  Green  Mountains,  which  extend  through 
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Vermont,  Western  Massachusetts,  Western  Connecticut,  and 
Southeastern  New  York.  Quarries  exist  at  Granden,  Rutland, 
Danby ,  Dorset,  and  Manchester,  in  Vermont;  at  Lanesborough, 
Lee,  Stockbridge,  Great  Harrington,  and  Sheffield,  in  Mas- 
sachusetts; at  Canaan,  in  Connecticut;  and  at  Pleasantville  and 
Tuckahoe,  in  New  York.  The  snowflake  marble  is  obtained 
from  the  Pleasantville  quarries,  and  a  fine  grade  of  statuary 
marble  from  Rutland,  Vt.  From  this  place  toward  the 
south,  the  marbles  become  coarser  and  harder  and  more 
suitable  for  building  purposes.  Dolomitic  marbles  are  found 
in  the  southeastern  part  of  New  York  and  in  Delaware.  White 
dolomite  marble  is  found  in  Maryland. 

The  colored  marbles  used  in  building  construction  are  of 
several  varieties  and  are  found  in  Vermont,  Connecticut,  New 
York,  Pennsylvania,  and  Tennessee.  Brecciated  marbles, 
that  is,  those  in  which  the  conglomerate  fragments  are 
angular  instead  of  water-worn,  are  found  in  Vermont  on  the 
shores  of  Lake  Champlain,  and  a  dove-colored  marble  with 
greenish  veins  is  found  at  Rutland.  Black  marbles  are 
found  at  Shoreham,  Conn.,  and  Williamsport,  Pa.  Black 
Trenton  limestone  is  found  at  Glen  Falls,  N.  Y.  The 
Warwick  marble,  found  in  Orange  County,  N.  Y.,  is  "beauti- 
fully colored  with  carmine,  with  white  veins.  The  Knoxville 
marble  is  of  a  reddish-brown  color  with  lines  of  blue. 
Tennessee  marble  is  brown  and  white  mottled.  The  foreign 
marbles  are  largely  imported  from  Italy,  Spain,  and  Belgium. 
The  Bardiglio  of  Italy  is  of  a  gray  color  shaded  with  black; 
the  Siena  of  Spain  is  a  pale  yellow  color;  the  Lisbon  of 
Portugal  a  pale  reddish  color;  and  the  Belgian,  of  Belgium, 
is  black.  Verde  antique  is  composed  of  bands  of  serpentine 
and  white  marble. 

77.  Clialk. — Soft  limestone  in  which  the  minute  shells 
composing  it  have  not  been  entirely  destroyed  by  the 
pressure  to  which  it  has  been  subjected  in  early  geo- 
logical times  is  called  chalk.  It  is  not  suitable  for  con- 
structive purposes  but  is  very  useful  in  making  lime 
and  cement. 
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78.  Qulolilime. — This  material  is  obtained  by  calcina- 
tion from  various  limestones  and  is  the  basis  of  common 
mortar;  the  act,  or  operation,  of  calcination  is  the  expelling, 
by  heat,  of  some  white  substance  by  which  the  stone  or 
the  cementing  material  is  broken  down  and  reduced  to  a 
friable  state.  Limestones  are  necessary  in  the  manufacture 
of  iron,  as  they  afford  an  alkaline  base  that  unites  chem- 
ically with  the  silica,  alumina,  and  other  impurities  of  the 
ores  and  allows  the  metal  to  separate  into  a  state  of 
approximate  purity. 

79.  Grypsum,    alabaster,    or  plaster    of   Paris    is   a 

sulphate  of  lime  containing  the  water  of  crystallization. 
The  term  "plaster  of  Paris"  is  due  to  the  fact  that  large 
deposits  of  this  stone  underlie  the  city  of  Paris.  This 
natural  sulphate  of  lime,  when  raised  to  a  high  tempera- 
ture, loses  its  water  of  crystallization  and  is  then  ground 
into  a  fine  powder.  This  .becomes  the  plaster  of  Paris  of 
commerce,  which  is  used  for  molds,  ornaments,  and  casts', , 
as  well  as  in  wall'  plaster  and  staff.  Gypsum  is  found  in 
many  parts  of  the  United  States,  great  quantities  being 
found  in  the  state  of  New  York. 


MANUFACTURED   STONJES 

80.  The  artificial  ■s.ion&'&'m^cXv,^^  brick,  firebrick,  concrete, 
and  terra  cotta.  While  there  are  several  ornamental  stones 
manufactured,  they  have  little  structural  significance,  and 
only  brick,  firebrick,  and  concrete,  which  are  entirely  mate- 
rials of  construction,  will  be  discussed  in  this  Section.  Terra 
cotta  is  much  used  in  modern  construction  to  obtain  decora- 
tive and  architectural  effect,  but  its  chief  structural  use  is  in 
the  construction  of  fireproof  floors,  partitions,  and  coverings. 

81.  Bricks. — As  is  generally  known,  bricks  are  made 
of  burnt  clay  and  are  used  extensively  in  all  classes  of  build- 
ing operations  of  permanency.  They  can  be  cheaply  made, 
readily  handled,  and  formed  into  structures  of  almost  any 
desired  form.     Brick,  if  properly  made,  burned  hard,   and 
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laid  up  with  Portland  cement  mortar,  is  one  of  the  most  dur- 
able building  materials  in  use. 

The  clay  of  which  the  common  brick  is  made  consists 
principally  of  silicate  of  alumina,  but  usually  also  contains 
lime,  magnesia,  and  oxide  of  iron;  the  oxide  of  iron  gives 
the  brick  strength  and  hardness;  silicate  of  lime  renders  the 
clay  easily  fusible  and  causes  the  brick  to  become  distorted 
in  the  burning.  Uncombined  silica  is  beneficial,  if  there  is 
not  too  much  of  it,  as  it  preserves  the  shape  of  the  brick  at 
high  temperature.  If  it  is  in  excess,  however,  it  renders  the 
brick  weak  and  brittle,  because  it  destroys  cohesion;  20  to 
25  per  cent,  of  silica  makes  a  good  proportion. 

Bricks  are  made  by  hand  and  machine,  the  machine-made 
ones  usually  being  the  denser.  They  are  burnt  for  about 
2  weeks,  first  at  a  moderate  heat,  until  all  the  moisture  has 
been  expelled,  and  then  at  a  slowly  increasing  temperature 
until,  at  the  end  of  24  hours,  the  "arch  bricks"  attain  a  whitfe 
heat,  when  the  temperature  is  slightly  lowered,  but  a  constant 
high  temperature  is  kept  up  until  the  end  of  the  allotted 
time,  after  which  the  openings  in  the  kiln  are  closed,  the 
fire  is  drawn,  and  the  kiln  is  allowed  to  cool  very  slowly. 
There  .are  various  kinds  of  kilns,  some  temporary  and 
some  permanent;  the  permanent  kilns  are  the  best  and 
most  economical. 

Three  kinds  of  bricks  are  usually  taken  from  the  kilns: 
those  forming  the  top  and  sides  of  the  arches  in  which  the 
fire  is  placed  are  overburned  and  partly  vitrified;  the  lower 
bricks  in  the  arch  are  usually  overburned  on  one  end  and 
underburned  on  the  other  and  are  called  arch,  bricks;  they 
are  hard,  brittle,  and  have  little  strength.  Bricks  from  the 
interior  of  the  pile  are  usually  of  the  best  quality  in  the  kiln 
and  are  termed  body  bricks,  sometimes  hard  or  clierry 
bricks.  Bricks  from  the  exterior  of  the  kiln  are  usually 
underburned  and  are  called  soft  or  salmon  bricks.  Salmon 
bricks  are  too  soft  for  use  in  important  places,  as  they  are 
deficient  in  strength  and  will  not  resist  the  weather. 

Bricks  of  good  quality  should  be  of  regular  shape  with 
parallel  surfaces,  plane  faces,   and   sharp  square  edges,  of 
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uniform  texture,  and  should  be  burned  hard.  They  should 
be  thoroughly  sound,  free  from  cracks,  and  should  ring 
clearly  when  struck  a  sharp  blow.  They  will  fail  under  a 
compressive  stress  of  about  10,000  pounds  per  square  inch; 
soft  bricks  will  not  resist  more  than  about  one-tenth  of  this 
stress.  Pressed  bricks  will  bear  about  twice  as  much  as 
good  hard  bricks.  Hard,  well-burned  brick  should  not  absorb 
more  than  6  per  cent,  of  its  weight  in  water.  Brickwork  in 
masses  will  crush  under  a  very  much  smaller  load  than  a 
single  brick,  presumably  because  of  the  combined  stresses 
due  to  bending,  etc.  The  Watertown  Arsenal  tests  of  brick 
piers  are  worth  careful  study. 

82.  Firebrick. — Firebrick  is  usually  made  of  a  very 
pure  clay  with  clean  sand,  or  sometimes  of  pure  silica 
cemented  with  a  small  proportion  of  clay.  The  clay  should 
be  silicate  of  alumina.  Oxide  of  iron  in  the  clay  is  very 
injurious,  and  if  it  reaches  6  per  cent,  the  brick  is  not  suit- 
able for  the  purpose.  Specifications  for  firebrick  should 
require  that  the  oxide  of  iron  shall  be  less  than  this  amount, 
and  that  the  aggregate  of  lime,  soda,  potash,  and  magnesia 
shall  be  less  than  3  per  cent.  The  sulphide  of  iron  or 
pyrites  has  a  harmful  effect  on  the  fireclay,  and  brick  contain- 
ing it  should  not  be  accepted.  An  excess  of  silica  in  the 
brick  makes  it  refractory  in  extremely  high  temperatures. 
Where  the  brick  has  to  resist  the  action  of  metallic  oxides, 
which  would  have  a  tendency  to  unite  with  silica,  alumina 
should  be  in  excess. 

83.  Concrete. — This  name  is  given  to  any  mixture  of 
grave],  slag,  cinders,  or  broken  stone  with  cement  and  sand. 
The  best  concrete  for  heavy  structural  purposes  has  for  its 
base  broken  stone  or  slag,  while  gravel  and  cinders  are  used 
for  such  work  as  filling  in  fireproof  construction  and  for 
the  foundation  of  cement  pavements.  An  excellent  con- 
crete is  made  of  cement  and  sand  with  a  mixture  of  broken 
stone  and  gravel. 

The  broken  stone,  slag,  cinders,  or  gravel  forming-  the 
base  of  the  concrete  is  known  as   the  aggregate,  while  the 
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cementing  material,  composed  of  the  cement  and  sand,  is 
known  as  the  matrix.  The  combination  of  the  aggregate  and 
the  matrix  forms,  when  the  cement  has  attained  its  final  set, 
an  artificial  conglomerate  rock  that  is  superior  in  strength 
and  durability  to  many  of  the  natural  rocks  or  stones  used 
for  building  purposes.  The  purpose  of  the  aggregate  is  to 
provide  strength  and  solidity  to  the  mass  and  to  make  up 
the  bulk  as  cheaply  as  possible,  so  that  the  amount  of  the 
cement  mortar,  which  is  the  expensive  material,  may  be 
reduced  to  a  minimum.  •  The  matrix  holds  the  aggregate 
together  by  its  adhesion,  and  in  a  complete  concrete  must  fill 
all  voids,  as  the  spaces  that  would  exist  between  the  parts 
of  the  aggregate  are  called. 

In  mixing  concrete,  water  should  be  judiciously  used,  for 
the  mixture  should  be  pulverulent,  or  nearly  so,  rather  than 
wet.  An  excess  of  water  tends  to  weaken  the  concrete  and 
prevents  the  proper  distribution  of  the  matrix  throughout 
the  mass  of  the  aggregate. 

Concrete  should  be  put  in  place  in  layers  of  from  6  to 
10  inches  in  depth  and  should  be  tamped  until  the  moisture 
begins  to  appear  on  the  top  of  the  layer.  In  placing  con- 
crete, layer  upon  layer,  the  upper  surface  of  the  bed  should 
be  free  from  dirt  and  dust  and  moderately  wet. 

84.  stone  and  Gravel  Concrete. — When  concrete  is 
composed  of  broken  stone  and  gravel  as  a  base,  the  stone,  or 
gravel,  and  sand  must  be  sharp  and  thoroughly  clean  in 
order  that  the  concrete  may  attain  its  maximum  strength. 
Sand  containing  loam,  dirt,  or  dust,  which  will  soil  the  hands 
when  rubbed,  should  not  be  used  in  the  manufacture  of  con- 
crete where  dependence  must  be  placed  on  it  for  structural 
stability. 

The  proportion  of  parts  for  the  ingredients  composing 
stone  and  gravel  concrete  depend  entirely  on  the  purpose  or 
use  for  which  the  material  is  required.  In  many  instances, 
a  poor  concrete,  that  is,  one  in  which  a  small  quantity  of 
cement  is  used  in  proportion  to  the  stone,  gravel,  and  sand, 
will  fulfil  the  requirements  and  promote  economy,  while  it  is 
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frequently  imperative  that  a  rich  co7icrete  be  used,  or  one  in 
which  considerable  cement  is  employed  in  the  mixture. 

For  structural  work  requiring  strength  and  durability, 
engineers  favor  a  mixture  consisting  of  one  part  of  Port- 
land cement,  two  parts  of  sand,  and  five  parts  of  broken 
stone  that  will  pass  through  a  2-  or  2i-inch  ring.  An  excel- 
lent concrete  is  also  made  by  using  51  cubic  feet  of  cement, 
7  cubic  feet  of  sand,  and  27  cubic  feet  of  broken  stone. 
These  proportions  are  just  sufficient  to  make  1  cubic  yard 
of  concrete. 

When  gravel  is  used  in  making  the  concrete  it  assists  in 
filling  the  voids  and  consequently  decreases  the  amount  of 
cement  mortar  required.  Good  proportions  for  concrete  of 
this  characfer  consist  of  one  part  of  Portland  cement,  two 
parts  of  sand,  three  parts  of  gravel,  and  four  parts  of  broken 
stone.  This  formula,  which  is  easily  remembered,  has  been 
used  by  the  engineer  corps  of  the  United  States  army  in 
the  construction  of  foundations.  Rosendale  or  natural-rock 
cements  may  be  substituted  for  Portland,  if  desired.  Con- 
crete composed  of  one  part  of-  natural-rock  or  Rosendale 
cement  to  two  parts  of  sand  and  four  parts  of  chips  or 
broken  stone  is  specified  by  many  architects  and  was  used 
in  the  construction  of  the  East  River  Bridge.  The  mass  of 
the  foundation  for  the  Statue  of  Liberty  in  New  York 
harbor  was  made  of  two  parts  of  Rosendale  cement,  two 
parts  of  sand,  and  seven  parts  of  broken  trap  stone. 

The  modulus  of  elasticity  of  good  stone  concrete  is  about 
700,000  pounds,  while  of  neat  cement  it  is  approximately 
3,000,000  pounds.  The  unit  adhesive  strength  of  stone  con- 
crete to  rough  iron  or  steel  is  about  600  pounds,  while  the 
adhesion  of  cement  to  brick  or  stone,  in  pounds  per  square 
inch,  is  approximately  15. 

85.  Cinder  Concrete. — This  material  has  fire-resisting 
qualities  superior  to  stone  concrete,  owing  to  the  fact  that 
its  mass  is  more  porous  "and  that  the  air  spaces  confined 
within  are  non-conductors  and  also  because  the  cinders  are 
more    refractory    than    the    broken    stone    commonly   used 
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in  stone  concrete.  Besides,  it  adapts  itself  more  quickly  to 
sudden  changes  in  temperature  and  therefore  is  not  as  liable 
to  crack,  split,  or  disintegrate  when  rapidly  cooled  by 
streams  of  water  used  in  the  extinguishing  of  a  fire. 

Cinder  concrete  is  light  in  weight,  compared  with  stone 
concrete,  and  is  used  extensively  for  fireproof-floor  construc- 
tion both  as  a  filling  material  and  as  a  structural  element  of 
the  construction,  though  the  laying  of  any  material  in 
which  the  matrix  is  Portland  cement  should  not  be  con- 
ducted when  the  thermometer  is  below  28°  or  30°  F. 
Cinder  concrete,  in  case  of  necessity,  can  be  laid  at  a  much 
lower  temperature,  especially  if  it  is  being  used  in  poor 
construction  where  the  centers  are  so  open  as  to  allow 
the  surplus  water  to  drain  away  before  freezing  can  take 
place  in  the  body  of  the  concrete. 

86.  Experience  teaches  that  the  rapid  and  complete 
destruction  of  iron  or  steel  when  in  contact  with  damp  ashes 
or  cinders  is  certain.  Even  cast-iron  pipes,  which  are  less 
liable  to  corrosion  than  steel,  running  through  cinder  banks, 
oxidize  rapidly  and  in  a  short  time  are  unfit  for  use.  It  is 
only  natural,  therefore,  that  on  this  account  cinders  as  aggre- 
gate for  concrete  should  be  looked  on  with  some  disfavor  by 
those  who  contemplate  using  that  material  in  conjunction 
with  steel  or  iron. 

The  active  agents  producing  corrosion  are  water,  carbonic 
acid,  and  sulphuric  acid.  The  water  and  carbonic  acid  occur 
in  the  atmosphere,  and  if  allowed  to  come  in  contact  with  the 
bare  metal  will  cause  corrosion.  Where  the  metal  is  embedded 
in  the  concrete,  however,  there  is  little  chance  for  this  to  occur, 
and  no  more  opportunity  is  offered  by  the  use  of  cinder  con- 
crete than  in  that  in  which  the  principal  ingredient  is  stone, 
the  cement  in  any  case  being  the  protective  material. 

That  cement  will  protect  iron  and  steel  from  corrosion 
indefinitely  is  well  known  from  observation  and  experiments; 
and  if  it  protects  the  metal  against  the  action  of  moisture 
and  carbonic  acid,  it  is  reasonable  to  suppose  that,  if  the 
cinders  are  embedded  in  a  sufiScient  matrix  of  cement  mortar, 
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there  will  be  no  action  on  the  metal  due  to  the  sulphuric 
acid,  or  to  sulphur  as  sulphide,  in  the  cinders.  Sufficient 
matrix  in  order  to  completely  protect  bare  iron  or  steel,  can 
only  be  had  in  complete  cinder  concrete,  which  is  obtained 
by  the  proportions  of  1  part  of  cement,  2.75  parts  of  sand, 
and  4.75  parts  of  cinders.  Such  a  concrete  is  not  so  good  a 
fire-  and  water-resisting  material  as  that  made  of  1  part  of 
cement,  2  parts  of  sand,  and  5  parts  of  cinders,  and  is  not 
as  practicable,  for  it  is  heavier,  and  is  not  in  accordance 
with  the  building  ordinances,  as  usually  framed  in  the 
principal  cities. 

Though  the  usual  concrete  in  the  proportion  of  1,  2,  and  5, 
will  not  entirely  protect  bare  iron  or  steel,  and  some  oxida- 
tion will  take  place  more  or  less  rapidly,  depending  on  the 
absence  or  presence  of  moisture,  it  is  hardly  likely  that  the 
corrosion  will  be  serious  with  the  iron  or  steel  used  in 
the  ordinarily  dry  atmosphere  between  the  floors  of  a  build- 
ing. The  concrete,  however,  contains  considerable  moisture 
when  it  is  first  laid,  and  an  initial  corrosion  is  likely  to  take 
place  before  the  concrete  has  dried  out.  In  order  to  avoid 
this  initial  corrosion,  which  is  serious,  for  when  it  once  starts 
it  is  liable  to  continue  owing  to  chemical  action  and  reaction, 
the  iron  or  steel  should  be  painted  with  some  good  paint, 
preferably  one  free  from  oils  that  are  likely  to  be  affected 
by  acids  and  alkalies.  Some  paint  of  the  asphaltum  variety 
would  probably  be  best. 

Since  meager  concrete  in  the  proportion  of  1,  2,  and  5 
fails  to  entirely  protect  bare  iron  or  steel,  it  is  good  practice, 
where  possible,  to  cover  the  metal  with  a  thin  coat  or  layer 
of  cement  mortar  of  1  part  of  Portland  cement  and  2.75  parts 
of  sand,  and  then  follow  with  the  concrete.  If  this  is  done, 
the  concrete  will  not  come  in  contact  with  the  metal,  and 
the  steel  or  iron  will  be  fully  protected  from  corrosion, 
which,  though  slight  and  probably  locally  confined,  is  likely 
to  be  instituted  from  the  several  causes  previously  cited. 
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FIKE-STONES 

87.  rire-stones  are  stones  capable  of  resisting  the 
action  of  great  heat  without  fusing,  exfoliating,  or  cracking. 
Lime  and  magnesia,  except  in  the  form  of  silicates,  are 
prejudicial  to  the  quality  of  fire-stones;  potash,  also,  is  very 
injurious  because  it  increases  the  fusibility  of  the  stone, 
which,  on  melting,  causes  the  formation  of  a  fusible  glass. 
Quartz  and  mica  alone  or  in  combination  make  the  most 
refractory  stones.  Mica,  slate,  and  gneiss  make  an  excellent 
combination.  Gneiss  is  particularly  refractory  when  it  con- 
tains a  considerable  portion  of  arenaceous  quartz;  that  is, 
quartz  in  which  the  particles  partake  of  the  nature  of  sand. 

Limestones  do  not  stand  well  in  the  presence  of  high  tem- 
peratures, as  they  sometimes  explode,  owing  to  the  rapid 
expulsion  of  the  carbonic-acid  gas. 

Granitic  and  other  primary  rocks  usually  contain  some 
water,  which,  in  the  presence  of  fire,  causes  them  to  crack  and 
sometimes  explode. 

Sandstones,  if  somewhat  porous,  uncrystallized,  and  free 
from  feldspar,  are  the  most  refractory  of  the  common  build- 
ing stones. 

Firebrick  is  perhaps  the  most  fire-resisting  material  now 
known,  while  common  hard-burned  brick  is  more  refractory 
than  any  of  the  building  stones. 

Concrete  made  of  Portland  cement  and  stone  is  a  fire- 
resisting  medium  of  only  fair  value. 


DURABILITY    OP    BUILDING    STONE 

88.  In  the  structural  use  of  building  stones,  it  is  seldom 
that  the  full  safe  strength  of  the  stone  is  required  to  resist 
the  stresses  imposed,  and  consequently  the  range  of  choice 
is  not  limited  by  this  consideration  so  much  as  by  the  factor 
of  durability.  While  in  architectural  work  color  is  of  great 
importance,  for  on  it  the  architect  depends  to  a  large  ex^ient  for 
the  success  of  his  design,  it  is  exceptional  in  purely  structural 
work  for  the  color  of  the  stone  to  be  a  deciding  factor. 


50  MATERIALS  OF  §8 

The  durability  of  a  building-  stone  depends  not  only  on 
the  physical  and  chemical  foi'mation  of  the  stone,  but  to  a 
considerable  extent  on  the  climate  in  which  the  structure  is 
to  be  built  and  also  the  method  employed  in  quarrying  the 
material.  Where  a  selection,  is  to  be  made  of  two  stones 
equally  durable  and  structurally  fit  for  their  purpose,  the 
economic  consideration  influences  the  choice.  The  cost  of 
structural  building  stones  is  regulated  by  the  difficulties  of 
quarrying,  the  refractory  nature  of  the  stone  in  finishing,  and 
the  distance  it  must  be  transported. 

89.  Pliysical  Structure. — The  most  durable  building 
stones  are  generally  of  a  compact  and  uniform  texture  and 
show  a  clean  fracture  free  from  earthy  or  soluble  mineral 
matter.  Stones  showing  lamination  or  layers  are  not  likely 
to  prove  as  durable  as  those  of  a  more  homogeneous  structure, 
especially  when  laid  with  the  laminations  perpendicular  to  the 
bed  of  the  wall,  or  on  edge.  ' 

Non-porosity  is  not  always  a  quality  synonymous  with 
durability,  for  many  stones  that  absorb  moisture  also  permit 
of  its  rapid  evaporation;  such  stones  are  likely  to  prove  more 
durable  than  those  that  absorb  less  moisture  and  part  with  it 
more  reluctantly. 

Stones  showing  a  streaked  appearance  and  lack  of  uniform- 
ity in  color  are  usually  composed  of  several  minerals  of  various 
degrees  of  hardness,  and  in  some  instances  one  of  them  may 
be  slightly  soluble.  Such  stones  are  not  likely  to  weather 
well,  for  the  softer  or  more  soluble  mineral  will  be  corroded 
and  washed  away,  leaving  the  harder  substance  to  protrude. 
When  the  less  durable  substance  is  in  small  pockets  or  spots, 
the  stone  will,  on  long  exposure,  be  pitted;  while  if  the  softer 
mineral  is  in  streaks  or  veins  the  material  will  be  grooved, 
fissured,  or  channeled. 

Small  fossils  or  shells  embedded  in  the  substance  of  a 
building  stone  have  usually  a  deleterious  influence  on  its 
durability  and  weathering  qualities.  Such  fossils  and  shells 
are  calcareous  in  nature  and  generally  soft  and  partially 
soluble  under  atmospheric  influences. 
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90.  Climate  and  Environment. — Building  stones  of 
the  most  durable  character  are  required  in  climates  where 
the  diurnal  changes  in  temperature  are  great  and  where 
there  is  much  moisture  in  the  atmosphere.  The  structure  of 
a  stone  consists  of  minute  particles  that  are  surrounded  by  a 
matrix  that  forms  the  cementing  material  of  the  mass  or  are 
closely  attached  to  each  other  by  cohesion.  In  either  case, 
changes  in  temperature  cause  these  particles  to  expand  and 
contract  with  considerable  force,  thus  loosening  particles 
from  the  matrix  or  from  each  other,  causing  deterioration 
and  the  ultimate  destruction  of  the  rock.  The  freezing  of 
water  in  the  pores  of  the  stone  or  in  the  crevices  and  the 
spaces  between  the  laminations  in  stratified  stones,  is  the 
primary  cause  of  the  rapid  destruction  of  some  building 
stones.  Water  in  freezing  expands  about  one-tenth  of  its 
bulk  and  is  said  to  exert  a  pressure  of  about  150  tons  per. 
square  foot,  which  is  sufficient,  under  favorable  conditions, 
to  split  and  rend  the  strongest  rocks.  The  freezing  of  mois- 
ture within  the  pores  of  the  stone  is  very  deleterious  to  the 
stability  of  its  structure,  especially  if  there  is  not  contained 
in  the  rock  reserve  pore  space  sufficient  to  accommodate  the 
increased  bulk  of  the  water  when  frozen. 

When  water  freezes  in  the  creyices  or  spaces  between  the 
laminations,  its  action  is  that  of  an  adjustable  wedge  tending 
to  split  the  rock  and  widening  the  crevice  more  and  more 
with  each  repetition  of  the  freezing  process.  By  this  means, 
stones  of  laminated  or  stratified  structure  are  particularly 
liable  to  disfigurement,  when  laid  on  edge  by  exfoliation  or 
the  scaling  of  the  surface.  In  the  large  cities,  it  is  not 
uncommon  to  observe  balusters  and  carved  details  partially 
destroyed  from  this  cause.  The  damages  from  the  freezing 
of  water  in  the  spaces  and  crevices  between  the  laminations 
is  not  as  great  when  the  stone  is  laid  on  its  bed  as  when  laid 
on  edge,  because  there  is  not  the  same  opportunity  for  the 
space  lying  in  a  horizontal  plane  to  collect  the  moisture  and 
also  because  the^  pressure  on  the  stone  from  the  super- 
imposed masonry  nullifies,  to  some  extent,  the  wedging  or 
bursting  action  of  the  freezing  water. 
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The  severest  atmosphere  on  building  stone  is  one  that 
frequently  and  for  long  periods  contains  great  quantities  of 
suspended  moisture  in  the  shape  of  fogs  and  is  also  sub- 
jected, by  environment,  to  much  smoke  and  gas  from  the 
bituminous  coals  of  manufactories.  Such  atmospheres  are 
likely  to  contain  carbonic-acid  gas  and  sulphurous  fumes, 
which  have  an  appreciable  effect  on  limestones  and  marbles. 
The  actions  from  these  sources  affecting  the  durability  of 
building  stones  are  especially  marked  where  the  atmosphere 
is  extremely  moist. 

91.  Effect  of  Quarrying  and  Finishing. — Before 
stones  are  used  in  an  important  structure  they  must  be 
thoroughly  seasoned.  When  detached  from  the  rock,  stone 
is  generally  saturated  with  quarry  water.  It  should,  there- 
fore, be  exposed  for  some  moriths,  preferably  under  cover,  to 
allow  this  water  to  evaporate.  If  the  stone  is  not  seasoned 
before  it  is  placed  in  the  wall  of  the  structure,  it  is  likely  to 
remain  peculiarly  damp,  and  the  excess  of  moisture,  in  freez- 
ing, will  influence  the  durability  of  the  material. 

The  use  of  heavy  explosives  for  detaching  dimensioned 
stone  is  detrimental  to  the  quality  of  durability,  from  the 
fact  that  the  severe  concussion  is  likely  to  jar  the  particles 
and  partially  destroy  their  cementation  and  cohesion,  produ- 
cing incipient  cracks  and  flaws  that  make  the  face  of  the  stone 
more  permeable  to  moisture  and  thus  facilitating  the  deteri- 
oration of  the  stone  by  freezing  and  chemical  action.  For 
the  same  reasons  stones  sawed  to  size  are  more  durable 
than  those  hammered  and  broken;  and  stones  taken  from 
the  quarry  by  channeling  or  cutting  are  preferable  to  those 
procured  by  wedging. 

92.  Effect  of  Fire, — The  fierce  conflagrations  that  occur 
in  the  large  cities  frequently  subject  the  stone  walls  of 
structures  to  intense  heat.  While  stone  is  an  excellent  non- 
conductor, it  is  not  as  a  rule  as  durable,  when  subjected  to 
intense  heat,  as  brick. 

The  severest  test  to  which  a  stone  can  be  subjected  in  a 
fire  is  for  it  to  be  heated  intensely  and  then  cooled  by  the 
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sudden  application  of  water  from  the  fire-hose.  This  rapid 
change  of  temperature  causes  the  exterior  heated  layer  of 
the  stone  to  contract  more  rapidly  than  the  mass,  and  from 
many  stones  imder  this  condition,  large  pieces  will  crack 
and  break  off;  the  process  being  several  times  repeated 
results  in  the  entire  destruction  of  the  stone. 

The  silicious  sandstones  are  the  least  destructible  by  fire, 
while  the  granites  and  conglomerates  are  probably  the  most 
affected  by  intense  heat  and  the  sudden  cooling  incident  to 
the  application  of  water.  Limestones  are  very  refractory  in 
temperatures  less  than  1,000°,  and  at  this  temperature  are  not 
liable  to  deterioration  by  sudden  cooling,  though  above  this 
temperature,  they  may  be  reduced  to  quicklime,  which  crum- 
bles and  falls  away  after  a  few  weeks'  exposure  to  the  air. 


STRENGTH    OF    STONES    AND    MASONRY 

93.  The  resistance  of  stones  to  stress  varies  greatly,  and 
the  strength  of  masonry  depends  not  only  on  the  material  of 
which  it  is  composed  but  on  the  manner  in  which  these 
materials  are  handled;  that  is,  on  the  workmanship.  Stones 
that  are  the  densest  usually  possess  the  greatest  resistance, 
and-  masonry  composed  of  squared  stones  with  close  joints 
is  the  strongest. 

Many  tables,  based  on  the  results  of  tests,  give  the  strength 
values  of  building  stones,  but  they  differ  widely,  the  dis- 
crepancy being  due  to  the  following  causes: 

1.  Samples  are  taken  from  different  quarries  or  from  dif- 
.  f erent  parts  of  the  same  quarry. 

2.  The  pieces  of  stone  used  for  testing  are  not  uniformly 
seasoned. 

3.  Test  pieces  are  of  different  sizes. 

4.  They  are  not  uniformly  dressed  or  finished. 

5.  Variations  exist  in  the  method  of  placing  the  test 
specimens  in  the  machine. 

Frequently  stones  quarried  from  different  parts  of  the 
same  bed  will  show  20  or  30  per  cent,  difference  in  their 
crushing  resistance,  and  stones  that  have  been  quarried  some 
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time  and  exposed  will  show  a  different  resistance  from  those 
lately  detached.  The  larger  the  test  piece,  the  greater  will 
be  the  unit  stress  developed,  for  small  cubes  do  not  develop 
as  great  a  unit  resistance  as  large  ones,  and  within  certain 
limits  the  unit  stress  that  test  cubes  of  the  same  material 
will  sustain  varies  directly  as  the  cube  of  the  sides. 

The  method  of  finishing  the  test  pieces  and  the  accuracy 
and  fineness  with  which  the  sides  are  dressed  have  much  to 
do  with  the  results  of  the  test.  Specimens  that  have  been 
sawed  to  shape  test  higher  than  those  that  have  been  finished 
with  a  tool  or  chisel.  Microscopic  examination  of  the  sur- 
face finished  with  a  chisel  reveals  numerous  minute  cracks, 
caused  by  the  excessive  jars,  that  tend  to  reduce  the  crush- 
ing strength  by  starting  fractures.  The  fineness  of  the  sur- 
face finish  also  affects  the  result,  from  the  fact  that  when 
the  bearing  surfaces  are  rough,  transverse  stresses  that  tend 
to  disrupt  the  specimen  are  created. 

94.  It  is  well  determined  that  from  lack  of  homogeneous- 
ness  or  uniformity  of  texture,  building  stones  and  masonry 
of  the  same  material  have  variable  strength  values.  This 
uncertainty  regarding  the  exact  strength  of  masonry  mate- 
rials, together  with  their  usually  rapid  deterioration,  necessi- 
tates the  use  of  a  high  factor  of  safety,  so  that  in  all  work 
of  this  class  minimum  safety  factors  ranging  from  10  to  20 
are  employed.  When,  therefore,  the  average  strength  values 
of  commercial  masonry  materials  are  known  and  a  high 
factor  of  safety  is  used,  the  basis  on  which  the  design  is 
made  is  assuredly  safe^ 

95.  The  average  strength  values  for  masonry  materials, 
which  are  sufficiently  conservative  for  good  engineering 
practice,  are  given  in  the  following  tables: 
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TABLE  I 

STRENGTH    OF    BUILDING    STONES    AND    MASONRY 


Materials 

o 
o 

Compressive 

Strengrtll 

Pounds 

per  Square  Inch 

Tensile  Strength 

Pounds 
per  Squar^  Inch 

Transverse 

Strength 

Pounds 

per  Square  Inch 

Granite, 

Colorado         .           .,-... 

l66 
1 66 

15,000 
14,000 

Connecticut 

1,500 

Massachusetts 

165 

16,000 

Maine   .           ... 

165 

15,000 

Minnesota  ... 

166 

25,000 

New  York       .        .    . 

166 

16,000 

600 

1,800 

New  Hampshire 

166 

12,000 

Sandstone 

bluestone 

160 

15.000 

1,400 

^,700 

Connecticut,  Middletown  . 

148 

7,000 

590 

1,000 

Longmeadow, 

Massachusetts     ,                , 

Longmeadow, 

142 

10,000 

450 

.     red     .    .    . 

149 

12,000 

450 

Hudson  River 

12,000 

New  York   .    .  ■  Little  Falls, 

[     brown  . 

10,000 

Ohio              

139 

8,000 

100 

479 

Pennsylvania,    Hummelstown, 

brown 

12,000 

Kingston      .    . 

168 

12,000 

Limestone 

New  York       .     Garrison    Sta- 

tion   .        .    . 

164 

18,000 

Average 

Average 

Indiana,  Bedford,   oolitic      .    . 

146 

8,000 

1,000 

1,500 

Michigan,  Marquette  .    .    . 

146 

8,000 

Pennsylvania,  Conshohocken 

15,000 

Marble, 

Pennsylvania,     Montgomery 
County    .        .                   ... 

1 1, 000 

Massachusetts,  Lee,  dolomite  . 

22,800 

Average 

Average 

New  York,  Pleasantville,  dolo- 

mite    . 

22,000 

700 

1,200 

Italian 

168 

12,000 

Vermont 

167 

10,000 

Slate    .    . 

160-180 

10,000 

10,000 

5,000 

Rubble,  in 

lime  mortar  . 

150 

500 

TABLE  II 

STRENGTH    OF    BRICKS,     BRICKWORK,    AND    RUBBLE 


Materials 


Bricks,  soft,  inferior 

good,  common 

best,  hard   .    . 

paving         

Philadelphia,  pressed 
Brickwork,  common,  in  lime  mortar 

stretchers,  in  cement  and  lime 
best,  hard  in  cement  mortar 
Terra  cotta 
Terra-cotta  work 
Rubble  ...  .        . 


^ 

o 

o 

-uh    n> 

"5  ""2 

■a.a'g 

£&«S 

^O  (1, 

H5  !^-J3 

a 

6      fe 

100 

1,000 

120, 

10,000 

125 

12,000 

130 

5,000 

150 

6,000 

120 

1,000 

125 

1,500 

130 

2,000 

no 

5,000 

112 

2,000 

150 

500 

o      S 
to  g  a 

5  "m 


(i> 


40 
200 
400 

200 

50 

100 

300 


M 


•g£ 


0) 


600 
800 


600 


TABLE  III 

STRENGTH    OF    CEMENTS.    MORTARS, 


AND    CONCRETE 


Materials 

0 
0 

u 
V 

P. 

Compressive 

Strength 

Pounds 

per  Square  Inch 

Tensile  Strength 

Pounds 
per  Square  Inch 

Transverse 

Strength 

Pounds 

per  Square  Inch 

Neat  cement 

Portland,  i  month  old 

2,000 

300 

400 

Portland,  i  year  old  .... 

3.000 

550 

Soo 

natural  rock,  i  month  old  . 

1,200 

150 

200 

natural  rock,  i  year  old  .    . 

2,000 

400 

400 

lime     .    .       .           ... 

•       59 

600 

200 

plaster  of  Paris 

79     ■ 

600 

70 

Concrete, 

Portland  cement,  i  month  old 

1,000 

200 

100 

Portland  cement,  i  year  old  . 

120-140 

2,000 

400 

150 

natural  cement,  1  month  old 

120-140 

500 

100 

75 

natural  cement,  i  year  old  . 

Mortar, 

lime 

98 

400 

50 

125 

natural  cement  and  lime     . 

100 

600 

75 

200 

natural  cement 

102 

1,000 

145 

102 

Portland  cement 

109 

2,000 

300 

700 

plastering     

86 

400 
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TABIjE  IV 
ALLOWABLE    UNIT    STRESSES    TOR    MASONRY    MATERIALS 


Description  of  Material 

Compressive 

Strength 
Pounds  per 
Square  Inch 

Transverse 

Strength 
Pounds  per 
Square  Inch 

Capstones, 
Templets, 
Monoliths 

bluestone .'   .   .    . 

granite               

,  limestone                       .               .    . 

700 
700 
500 

300 
180 
150 

marble            .                   ... 
sandstone,  other  than  bluestone 
slate     .                      ... 

Squared-Stone  bluestone           

Masonry,         granite                .                   .    . 
limestone           

400 
350 
700 
350 
350 
250 

120 
100 

400 

Rubble, 

sandstone,  other  than  bluestone 
laid  in  Portland  cement  mortar 

175 
150 

20 

laid  in  natural  cement  mortar 

120 

laid  in  lime-and-cement  mortar 

100 

laid  in  lime  mortar                            .    . 

80 

Brickwork, 

laid  in  Portland  cement;   cement  i. 

sand  3     . 
laid    in   natural  cement;    cement    i, 

250 

50 

sand  3 
laid  in  lime  and  cement;   cement  i. 

150 

40 

lime  I,  sand  i                          .    . 

125 

30 

laid  in  lime;  lime  i,  sand  4 

100 

15 

Concrete, 

Portland  cement;  cement  i,  sand  2, 

stone  4     .        . 
Portland  cement;  cement  i,  sand  2, 

200 

30 

stone  5                                

150 

20 

natural  cement;   cement   i,   sand  2, 

stone  4                           

125 

16 

natural   cement;   cement   i,   sand   2, 

stone  5               ....           ... 

100 

10 
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96.  The  values  given  in  Tables  I,  II,  and  III  are  the 
average  ultimate  and  breaking  loads  for  the  different  materials. 
They  are  the  results  of  tests  made  at  different  times  on 
specimens,  prepared  for  the  purpose.  It  will  be  noticed  that 
the  strength  values  of  squared  masonry  are  not  given,  and 
though  conservative  practice  recommends  that  masonry  of 
squared  stone  may  be  considered  as  having  an  ultimate 
strength  equal  to  four-tenths  of  the  strength  of  the  stone, 
this  is  only  an  assumption  that  has  not  been  substantiated  by 
tests.  The  scarcity  of  reliable  tests  on  masonry  piers  and 
walls  is  due  to  the  fact  that  in  order  to  obtain  accurate  results 
of  the  test,  specimens  must  be  of  full-size  dimensions  and 
when  thus  built  their  strength  is  so  great  as  to  resist  the 
ultimate  power  of  the  testing  machine. 

97.  In  using  the  values  given  in  Tables  I,  II,  and  III, 
factors  of  safety  of  not  less  than  10  for  compression  and  15 
and  20  for  tension  and  transverse  stress,  respectively,  should 
be  employed.  The  usual  practice  in  structural  and  architec- 
tural engineering  is  to  use  the  allowable  unit  values  for 
masonry  and  masonry  materials  given  in  Table  IV.  These 
values  are  considered  good  practice,  and,  in  most  materials, 
correspond  with  values  recommended  by  the  building  laws  of 
several  cities.  

SELECTION    or    BTJILDING     STONES 

98.  In  the  building  of  important  masonry  structures,  it 
is  of  primary  importance  that  the  stone  employed  shall  be 
of  sufficient  strength  and  durability.  Probably  nothing  in 
engineering  construction  is  so  neglected  as  the  inspection  of 
the  building  stone  that  is  to  be  used. 

Where  it  is  necessary  to  employ  great  quantities  of  build- 
ing stone  in  important  situations,  with  reference  to  the 
stability  of  the  structure,  an  inspection  of  the  quarry  from 
which  the  stone  is  to  be  obtained  should  be  made.  Besides, 
it  should  be  the  effort  of  the  person  who  is  to  decide  on  the 
merits  of  the  stone  to  inspect  some  building  or  structure 
that  has  been  erected  of  the  same  material  for  a  considerable 
length  of  time. 
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It  is  well,  however,  not  to  depend  wholly  on  either  inspec- 
tion at  the  quarry  or  at  the  building  but  to  subject  the  stone 
to  laboratory  tests,  when  it  should  be  tested  both  chemically 
and  physically  as  well  as  subjected  to  microscopic  inspection. 

99.  The  inspection  at  the  quarry,  when  conservatively 
made,  will  frequently  reveal  the  durability  of  the  stone  as 
well  as  its  uniformity.  Exposed  quarry  faces  will  some- 
times show  the  weathering  properties  of  the  stone,  besides 
its  liability  to  disintegration  through  moisture  and  running 
water  containing  deleterious  acids  and  alkalies.  Such 
inspection  will  also  determine  whether  there  is  sufficient 
stone  of  a  uniform  texture  and  color  in  sight  to  supply 
the  amount  of  material  required  for  the  work.  By  quarry 
inspection  likewise,  the  several  grades  of  stone  are  known, 
and  in  first-class  work  it  is  imperative  that  the  best  grade 
or  run  of  the  quarry  be  insisted  on.  Frequently,  the  third- 
grade  stone  is  employed  in  the  structure,  and  on  showing 
deterioration  and  poor  weathering  qualities  causes  other- 
wise excellent  building  stone,  when  of  first-class  cuttings,  to 
be  condemned. 

100.  By  the  inspection  of  stone  that  is  in  place  in  a 
building  or  structure  for  a  considerable  length  of  time,  an 
excellent  idea  may  be  had  of  its  durability  as  to  structure, 
color,  and  weathering  properties.  If,  after  years  of  exposure 
in  the  severe  atmosphere  of  an  industrial  city  situated  in  a 
temperate  zone,  the  building  stone  shows  no  disintegration 
or  exfoliation  and  has  retained  its  original  luster  and  color, 
but  for  the  soil  of  dust  and  smoke  stains,  due  to  its  environ- 
ments, it  certainly  can  be  considered  of  the  best  structural 
value  for  building  purposes. 

101.  While  the  quarry  and  building  inspections  of  stone 
are  of  the  utmost  practical  importance,  they  should,  wherever 
possible,  be  augmented  by  laboratory  tests;  in  fact,  these 
tests  are  absolutely  necessary.  When  the  stone  to  be  used  is 
from  a  new  quarry,  the  characteristics  of  the  product  are 
little  known.  The  laboratory  tests  usually  consist  of  chem- 
ical analysis,  microscopic  examinations,  and  physical  tests. 
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The  chemical  analysis  determines  both  qualitatively  and 
quantitatively  the  chemical  constituents  of  the  stone. 
Examined  qualitatively,  the  mineral  elements  and  chemical 
combinations  of  compressing  the  stone,  together  with  the 
impurities  and  original  matter,  are  determined;  while  the 
quantitative  analysis  shows  the  proportion  of  the  different 
elements  and  chemical  combinations.  When  the  chemical 
composition  of  a  stone  is  in  this  way  determined,  conclusions 
can  usually,  though  not  always,  be  drawn  as  to  the  quality 
of  durability  and  the  weathering  properties  of  the  stone. 

The  microscopic  exaviinatian  of  building  stone  is  of  even 
more  importance  and  is  less  expensive  to  conduct  than  the 
chemical  analysis,  for  by  it  is  revealed  the  structure  of 
the  stone.  By  the  microscope  may  be  observed  whether 
the  stone  is  igneous,  metamorphic,  or  unaltered  sedimentary 
rock.  It  also  shows  the  size  and  shape  of  the  particles  or 
crystals  composing  the  stone,  their  relative  closeness,  and 
the  character  and  compactness  of  the  cementing  material 
holding  them  together.  Usually  the  mineral  constituents 
of  the  stone  may  be  determined  likewise  by  microscopic 
examination  and  frequently  their  proportions  may  be  esti- 
mated, together  with  the  percentage  of  impurities  contained 
in  the  stone.  Likewise  by  the  microscope  may  be  detected 
any  flaws  in  the  structure,  such  as  cracks,  cavities,  incipient 
fractures,  and  gas  bubbles. 

The  physical  tests  of  stone  are  of  great  practical  value  in 
determining  its  strength  and  durability.  When  the  strength 
values  of  a  building  stone  are  not  known,  it  is  frequently 
necessary  to  make  tests  in  order  to  determine  the  crushing 
and  transverse  unit  stress  of  the  material,  for  though  the  unit 
crushing  strength  of  building  stone  is  usually  greatly  in  excess 
of  that  required,  the  transverse  strength  is  frequently  barely 
sufficient  to  sustain  the  load  when  a  fair  factor  of  safety  is 
allowed.  An  estimation  of  the  durability  of  a  building 
stone  may  be  deduced  from  data  collected  from  physical 
tests  made  to  ascertain  the  specific  gravity,  porosity,  and 
weight  of  the  stone  and  from  such  tests  as  will  demon- 
strate the  effects  of  extreme  heat  and  cold  and  the  actions 


§8  'structural  engineering  61 

of  carbonic  and  sulphurous  acids.  In  making  these  last 
tests,  the  object  is  to  impose  on  the  stone,  as  nearly  as 
possible,  conditions  that  in  a  few  hours'  time  will  approach 
the  effect  produced  by  climatic  changes  and  vitiated  atmos- 
phere through  a  lapse  of  years. 


MORTARS 


CHARACTERISTICS    OF    MATERIALS 

102.  Mortars  for  structural  purposes  are  composed  of 
lime  or  cement  and  sand  mixed  to  the  proper  consistency 
with  water.  When  lime  and  sand  are  used,  the  mixture  is 
known  as  lime  mortar;  when  the  mixture  is  of  cement  and 
sand,  it  is  designated  as  cement  mortar.  Frequently  in  build- 
ing work,  lime  mortar  is  mixed  with  cement  mortar,  when 
the  term  lime-and-cement  mortar  is  used.  Small  percentages 
of  other  materials,  such  as  salt,  sugar,  brick,  and  volcanic 
dust,  are  sometimes  mixed  with  mortar  in  order  to  accom- 
plish specific  purposes,  such  as  the  prevention  of  freezing, 
hastening  of  setting,  increasing  of  strength,  and  the  creating 
of  hydraulic  properties,  though  with  doubtful  effectiveness. 
In  mixing  mortar,  it  is  usual  to  designate  the  amount  of  such 
ingredients  by  a  notation,  such  as  1  to  1,  1  to  2,  or  1  to  3, 
which  signifies  that  the  mortar  is  composed  of  one  part  of 
cement  or  lime  to  one,  two,  or  three  parts  of  sand,  respect- 
ively. The  first  number  of  the  notation  always  indicates  the 
amount  of  cement,  which  for  convenience  is  taken  at  unity. 
In  proportioning  the  mixture,  the  parts  of  the  ingredients 
are  generally  measured  by  volume  and  just  sufficient  water 
supplied  to  w6rk  the  mortar  to  the  proper  consistency. 

103.  Sand. — This  material  is  an  important  part  of  all 
mortar  mixtures,  for  in  lime  mortar  it  prevents  excessive 
shrinkage  and  adds  crushing  resistance  and  tenacity,  while  in 
cement  mortar  it  is  principally  used  for  economic  reasons 
and  to  provide  additional  resistance  to  crushing,  though  it 
decreases  tenacity  of  cement. 


62  MATERIALS  OF  §8 

It  is  important  that  sand  for  mortars  shall  be  clean  and 
sharp.  Clean  sand  when  rubbed  between  the  fingers  will  not 
soil  them,  but  sand  containing  impurities  will  leave  an  earthy 
stain.  When  clean  sand  is  dampened  and  squeezed  in  the 
palm  of  the  hand,  on  the  release  of  the  pressure,  it  will 
fall  apart,  while  if  it  contains  soil,  clay,  or  earthy  substance, 
the  particles  will  be  held  together  by  being  cemented  by 
the  impurities.  Sand  for  structural  purposes. should  be  sharp; 
that  is,  the  grains  should  be  cubical  and  angular  rather  than 
globular  or  rounded.  The  sharpness  is  best  tested  by  rub- 
bing or  rolling  the  sand  between  the  hands  and  if  there  is  a 
distinct  grating  sound,  it  indicates  that  the  sand  grains  are 
angular.  Sand  that  is  sharp  and  angular  lies  closer  together 
and  offers  more  surface  of  adhesion  for  the  cement  compo- 
sing the  matrix  of  the  mortar. 

Much  importance  has  unwarrantedly  been  placed  on  the 
size  of  the  grains  of  sand  for  structural  purposes.  Very  fine 
sand  and  sand  so  coarse  as  to  contain  grains  larger  than  the 
joints  of  masonry  should  not  be  used.  A  sand  containing 
a  mixed  size  of  grain  is  the  most  economical  and  the  best 
for  structural  purposes.  When  the  usual  specification  is 
complied  with,  namely,  that  the  sand  shall  be  sifted  through 
a  screen  having  a  mesh  i  inch  square,  grains  of  not  more 
than  tV  inch  on  a  side  will  be  passed,  and  sand  of  such  size 
gives  excellent  results. 

The  usual  sources  from  which  building  sand  is  obtained 
are  the  seashore,  the  river  bank,  and  sand  deposits  or 
pockets.  The  first,  which  is  known  as  sea  sand,  is  usually 
objected  to  on  account  of  the  salt  that  it  contains  and  should 
not  be  used  where  the  appearance  of  the  work  is  a  factor 
unless  it  is  well  washed.  The  second,  which  is  termed  river 
sand,  is  generally  composed  of  rounded  particles  rather  than 
angular  and  may  be  either  clean  or  dirty.  The  third,  or  pit 
sand,  is  usually  sharp,  though  it  is  likely  to  contain  clayey 
and  earthy  substances,  which  destroy  its  cleanliness. 

104.  Liinie. — By  calcining  or  burning  calcium  car- 
bonate or  limestone  at  a  high  temperature,  quicklime  or 
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commercial  lime  is  produced.  In  the  process  of  burning, 
the  water  that  the  stone  contains  is  driven  off,  together 
with  carbonic-acid  gas  or  carbon  dioxide.  Lime  has  a  great 
affinity  for  water  and  should  be  used  soon  after  being  made, 
as  it  is  likely  to  become  air-slaked,  when  it  is  unfit  for  use 
in  making  lime  mortar.  When  lime  is  brought  in  contact 
with  water,  it  takes  it  up  rapidly,  swelling  and  generating 
considerable  heat,  the  lime  falling  apart  and  producing  a  fine 
white  powder;  this  process  is  known  as  slaking.  When  more 
water  is  added  to  this  powder,  a  lime  paste  is  formed,  which 
by  the  addition  of  sand  produces  lime  mortar.  The  best 
limes  slake  vigorously  and  completely,  the  lime  Hour,  or  pre- 
cipitate, being  fine  and  free  from  refractory  lumps  and  cores. 
The  presence  of  such  unslaked  fragments  indicates  that  the 
limestone  was  not  pure  or  that  the  process  of  calcination 
was  imperfect. 

In  slaking  lime,  a  volume  of  water  equal  to  two  or  three 
times  the  volume  of  the  lime  is  used.  The  entire  amount  of 
water  necessary  for  slaking  should  be  used  at  one  time,  as  it 
is  deleterious  to  turn  in  cold  water  after  the  lime  has  com- 
menced to  slake. 

105.  Cement. — Commercial  cements  used  for  making 
mortar  for  structural  purposes  may  be  classified  as  Port- 
land and  natural-rock  cemetits.  The  difference  in  their  manu- 
facture consists  more  essentially  in  the  method  of  procuring 
the  raw  material  rather  than  in  the  process  of  preparation. 
The  name  Portland  cement  is  given  to  any  cement  that  is 
manufactured  from  the  several  necessary  materials  carefully 
gathered  and  proportioned,  while  the  term  natural,  or 
natural-rock,  cement  is  given  to  those  cements  that  are 
manufactured  direct  from  a  natural  rock  containing  the 
necessary  ingredients. 

Portland  cement  is  obtained  by  mixing  lime  or  marl  with 
clay  in  the  proper  proportion.  The  mixture  is  made  into 
balls,  or  nodules,  which  are  calcined  in  a  furnace  and  ground  to 
a  fine  powder.  The  natural-rock  cements  are  manufactured 
from  a  natural  rock  that  contains  lime,  alumina,  and  silica. 
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Rocks  containing  the  proper  materials  for  making  these 
cements  are  of  a  mixed  limestone  and  clayey  nature.  These 
rocks  are  calcined  at  a  high  temperature  approaching  vitri- 
fication and  are  broken,  pulverized,  and  finally  ground  to 
form  the  commercial  cement.  Both  Portland  and  natural- 
rock  cements  are  hydraulic,  that  is,  will  set  under  water,  and 
are  consequently  invariably  used  for  work  in  damp  situations 
and  below  the  water-line. 

When  cement  is  brought  in  contact  with  water,  it  hardens 
rapidly  even  when  air  is  not  present.  This  hardening  or 
setting,  as  it  is  called,  is  caused  by  a  chemical  reaction  that 
takes  place  and  forms  with  the  water  of  crystallization 
double  silicates  of  lime  and  alumina.  Some  cements  set 
more  rapidly  than  others  and  cements  that  take  an  initial  set 
in  from  5  to  30  minutes,  or  even  1  hour  after  mixing,  are 
known  as  quick-setting  cements,  while  those  that  require  from 
several  hours  to  a  day  or  longer,  in  order  for  the  initial  set 
to  take  place,  are  known  as  slow-setting  cements. 

Usually  natural-rock  cements  set  in  less  time  than  the 
Portland  cements;  besides  they  are  lighter  in  weight  and  do 
not  obtain  the  same  degree  of  strength  in  as  short  a  time 
after  mixing.  A  barrel  of  natural-rock  cement  weighs  about 
300  pounds,  while  Portland  cements  are  usually  one- 
third  heavier. 

Portland  cement  is  considered,  in  many  respects,  superior 
to  natural-rock  cements  for  structural  purposes,  yet  in  this 
country  great  quantities  of  natural  cement  have  been  used 
for  the  most  important  engineering  work  and  have  been 
found,  after  years  of  service,  to  have  been  exceedingly 
durable,  attaining  great  strength. 

The  natural-rock  cements  are  found  and  manufactured  in 
New  York,  Pennsylvania,  Maryland,  Virginia,  and  Kentucky, 
as  well  as  in  several  of  the  western  states.  The  principal 
brands  are  many.  Those  having  an  extended  reputation  are 
known  as  Rosendale,  Louisville,  Cumberland,  James  River, 
and  Round  Top.  The  Portland  cements  that  are  used  in 
this  country  are  both  domestic  and  imported.  Some  of  the 
principal    domestic    Portland    cements    are    known    as    the 
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Vulcanite  and  Alpha,  manufactured  in  New  Jersey;  the  Dex- 
ter, Lehigh,  Atlas,  and  Whitehall,  manufactured  in  Penn- 
sylvania. The  imported  cements  come  from  Germany, 
France,  and  England.  Lagerdorfer  German  cement  is  used 
to  some  extent,  it  being  a  strong,  finely  ground,  and  uniform 
material.  Vicat  cement,  which  is  imported  from  France,  is 
a  high-priced  cement  and  owes  its  use  in  this  country  to  the 
fact  that  it  is  not  as  likely  to  stain  fine  ashlar  work  as  some 
of  the  domestic  cements.  English  Portland  cement  is  also 
used  to  some  extent,  though  it  is  doubtful  whether  it 
possesses  any  qualifications  of  excellency  over  the  best 
American  Portland  cements.  The  distinction  that  the  New 
York  building  laws  make  with  regard  to  brands  of  cements 
sold  under  the  general  nomenclature  of  Portland  and  natural 
is  interesting,  though*  it  does  not  determine  actually  whether 
the  cement  is  Portland  or  natural. 

The  requirements  of  the  building  laws  are  as  follows: 

"Cement  classified  as  Portland  cement  shall  be  considered 
to  mean  such  cement  as  will,  when  tested  neat,  after  1  day 
set  in  air,  be  capable  of  sustaining,  without  rupture,  a  ten- 
sile stress  of  120  pounds  per  square  inch,  and  after  1  day  in 
air  and  6  days  in  water  be  capable  of  sustaining,  without 
rupture,  a  tensile  stress  of  at  least  300  pounds  per  square 
inch. 

"Cements  other  than  Portland  cement  shall  be  considered 
to  mean  such  cement  that  when  tested  neat,  after  1  day  set 
in  air,  be  capable  of  sustaining,  without  rupture,  a  tensile 
stress  of  at  least  120  pounds  per  square  inch." 

The  building  laws  continue  to  state  that  the  test  shall  be 
made  under  the  supervision  of  the  Commissioner  of  Build- 
ings, and  that  those  tests  shall  be  made  at  such  a  time  as  he 
shall  deem  advisable.  They  also  require  that  records  of  the 
tests  shall  be  kept  for  public  information. 

106.  Lime  Mortar. — Common  mortar  of  quicklime 
and  sand,  though  formerly  used  for  all  classes  of  work,  is 
now  supplanted  by  cement  mortar  for  the  better  class  of 
structural   work.     In    mixing   lime    mortar,    the    lime    is 
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thoroughly  slaked  to  a  powder  and  wetted  to  a  paste  when 
the  sand  is  mixed  and  thoroughly  incorporated  with  the  paste 
by  working  and  kneading.  While  lime  on  exposure  to  the 
atmosphere  will  become  air-slaked  ■  and  unfit  for  use,  the 
slaked  lime,  when  mixed  with  sand,  is  not  so  impaired  and 
it  is  usually  considered  beneficial  to  mix  up  large  batches  of 
the  mortar  some  time  before  using  it,  when  it  only  requires 
tempering  with  water  and  some  working  to  be  ready  for 
immediate  use. 

Sand  is  mixed  with  lime  to  form  lime  mortar  in  the  propor- 
tions of  one  part  of  lime  to  from  three  to  six  parts  of  sand. 
With  rich  limes,  that  is,  those  that  slake  freely  and  completely, 
the  proportion  of  three  parts  of  sand  to  one  of  lime  is  not 
sufficient,  and  four  parts  of  sand  makes  a  better  mixture. 
The  proportion  of  six  parts  of  sand  to  one  of  lime  is  never 
used  except  in  the  poorest  work,  and  in  fact  the  building 
ordinances  of  the  several  cities  require  that  moa'tar  shall  be 
made  of  one  part  of  lime  and  not  more  than  four  parts  of 
sand,  the  lime  to  be  in  all  cases  thoroughly  burnt,  of  good 
quality,  and  properly  slaked  before  it  is  mixed  with  the  sand. 

Lime  mortar  sets  by  the  drying  out  of  the  mortar  and  by 
a  chemical  action  produced  through  the  absorption  of  carbon 
dioxide,  or  carbonic-acid  gas,  from  the  air.  By  taking  up 
this  gas,  the  slaked  lime  is  again  converted  to  calcium  car- 
bonate, which  surrounds  each  particle  of  sand,  thus  convert- 
ing the  mortar-  into  artificial  stone.  Since  the  absorption  of 
carbon  dioxide  is  necessary,  in  order  that  lime  mortar  may 
harden,  this  mortar  will  not  set  in  water  and  should  not  be 
used  in  foundation  work  below  the  water-line  or  in  extremely 
damp  situations.  Lime  mortar  used  in  the  interior  of  very 
thick  walls  has  been  known  to  remain  soft  for  years;  conse- 
quently, it  cannot  be  used  in  concrete. 

Though  lime  mortar  will  not  harden  in  wet  situations,  the 
process  of  crystallization  caused  by  the  absorption  of  carbon 
dioxide  in  the  air  is  facilitated  by  keeping  the  work  damp  for 
a  short  time  after  laying.  For  this  reason,  brickwork  should 
not  be  laid  in  very  hot  or  dry  weather  unless  the  bricks  are 
thoroughly  soaked  in  water. 
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When  lime  mortar  does  not  retain  sufficient  moisture  to 
properly  promote  the  chemical  action  of  hardening,  it  forms 
a  chalky  mass  that  is  easily  pulverized  between  the  fingers, 
showing-  that  it  has  lost  most  of  its  properties  of  adhesion 
and  cohesion. 

107.  Cement  Mortar. — Mortar  composed  of  either 
Portland  or  natural-rock  cement  is  being  used  extensively 
for  all  structural  purposes,  owing  to  the  reduction  in  the 
price  of  these  cements,  and  their  excellent  quality. 

In  this  mortar,  only  cement  and  sand  are  used  with  just 
sufficient  water  to  mix  it  to  a  mealy  consistency;  an  excess 
of  water  is  detrimental  to  its  qualities  of  strength.  The 
usual  proportions  of  sand  and  cement,  when  natural-rock 
cements  are  used,  are  one  part  of  cement  and  one  or  two  parts 
of  sand,  the  usual  practice  being  to  use  the  latter  proportion. 
In  mixing  cement  mortar  with  Portland  cement,  it  is  cus- 
tomary to  mix  the  sand  and  cement  in  the  proportion  of 
1  to  3,  for  this  mixture  is  considered  equal  in  strength  and 
durability  to  a  mixture  of  one  part  of  sand  and  two  parts  of 
natural-rock  cement. 

The  New  York  building  laws  specify  that  cement  mortar 
shall  be  made  of  cement  and  sand  in  the  proportion  of  one 
part  of  cement  and  three  parts  of  sand  and  shall  be  used 
immediately  after  being  mixed.  The  cement  and  sand  are 
to  be  measured  and  thoroughly  mixed  before  adding  water. 
They  also  stipulate  that  the  cements  must  be  finely  ground 
and  free  from  lumps.  The  usual  practice  in  making  cement 
mortar  is  to  mix  the  sand  and  cement  together  dry,  measur- 
ing the  parts  by  volume,  adding  the  water  as  required  in 
order  to  reduce  the  mixture  to  work  consistently,  care  being 
exercised  in  supplying  the  water  that  the  amount  added 
is  not  excessive. 

Owing  to  the  fact  that  cement  mortar  sets  rapidly,  it  should 
never  be  mixed,  except  immediately  before  being  used;  and 
after  a  batch  of  cement  mortar  has  once  taken  its  initial 
set  no  attempt  should  be  made  to  retemper  it,  but  the 
whole  mass  should  be  discarded.     The  natural-rock  cement 


68  MATERIALS  OF  §8 

mortars  set  more  quickly  than  Portland  cement  mortars,  but 
with  care  can  be  conveniently  used  in  any  class  of  work. 
Both  natural-rock  and  Portland  cement  mortars  have  hydraulic 
properties  and  set  rapidly  and  completely  under  water.  This 
property  of  hydraulicity  is  not  destroyed  by  the  addition  of 
lime  in  the  proportion  of  not  more  than  one  part  of  lime  to 
two  of  cement.  Because  of  the  hydraulic  properties  of  cement 
mortar  and  on  account  of  the  great  strength  that  it  attains 
when  it  sets  in  water,  this  mortar  should  always  be  used 
for  masonry  in  damp  situations  or  for  foundations  that  are 
likely  to  be  immersed  in  water.  The  usual  cement  mortars 
are  durable  even  when  submerged  in  sea-water. 

One  barrel  of  cement  to  two  barrels  of  sand  will  make 
about  8  cubic  feet  of  cement  mortar  and  will  lay  1  cubic  yard 
of  brickwork  or  rubble,  while  one  barrel  of  cement  and  three 
barrels  of  sand  will  make  about  12  cubic  yards  of  mortar,  which 
will  lay  li  cubic  yards  of  ordinary  masonry,  or  provide  suffi- 
cient matrix  for  1 2  cubic  yards  of  concrete.  The  quantity  of 
water  that  is  required  in  mixing  cement  mortar  varies 
considerably  with  the  temperature  and  with  the  dryness 
of  the  materials.  Ordinarily,  one-third  of  a  barrel  of  water 
mixed  with  one  barrel  of  cement,  will  make  two-thirds  of  a 
barrel  of  stiff  paste. 

In  making  cement  mortar,  sometimes  the  cement  is  mixed 
to  a  paste  with  the  water  and  the  sand  added,  but  the  usual 
practice  is  to  mix  the  cement  and  sand  dry  and  to  introduce 
sufficient  water  in  order  to  work  it  to  a  mealy  and  pasty  con- 
dition. In  the  manufacture  of  all  cement  mortar,  the  sand 
and  cement  must  be  thoroughly  mixed,  as  otherwise  the 
substance  will  not  have  a  uniform  texture  and  its  mass  will 
incorporate  spots  of  dry  cement,  and  frequently  there  will  be 
pockets  of  sand  without  the  matrix  of  cement. 

There  is  much  difference  of  opinion  as  to  the  advisability 
of  using  cement  mortar  in  freezing  weather.  Undoubtedly, 
the  best  practice  is  to  suspend  all  masonry  operations  when 
the  thermometer  is  below  freezing,  but  when  necessary, 
however,  cement  mortar  may  be  used  in  temperatures  several 
degrees  below  freezing.     It  is  well,  however,  in  laying  work 
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with  cement  mortar  in  freezing  weather  to  heat  the  sand, 
brick,  and  stone,  if  possible,  and  to  use  hot  water  in  mixing. 
With  ordinary  precautions  and  by  covering  the  work  when 
operations  are  suspended  at  night,  cement  mortar  may  be 
used  in  low  temperatures  with  safety.  The  frost  may  have 
some  action  on  the  exterior  edges  of  the  joints,  but  the 
action  will  not  penetrate  to  the  interior  of  the  wall. 

Some  authorities  recommend  the  introduction  of  salt  in 
cement  mortar  when  it  is  used  in  freezing  weather.  This  prac- 
tice is  not  to  be  recommended,  however,  for  the  salt  retards 
the  setting  and  is  liable  to  stain  the  masonry  or  brickwork. 

108.  Cement-and-Ume  Mortar. — Frequently  mortar 
for  building  work  is  composed  of  a  mixture  of  both  cement 
and  lime  with  sand.  The  lime  introduced- with  cement  in 
mortar  makes  the  material  more  tractable  by  increasing  the 
plasticity  of  the  mortar,  and  thus  facilitates  the  work  of  lay- 
ing the  masonry  or  brickwork.  It  also  retards  the  setting, 
which  is  frequently  requisite,  and  lowers  the  freezing  point  of 
the  mortar.  Besides,  it  does  not  shrink,  like  lime  mortar,  in 
setting  and  is  therefore  desirable  in  laying  the  backing  of 
ashlar  walls.  Its  use  also  promotes  economy,  for  lime  is 
much  less  costly  than  cement. 

The  proportion  of  the  ingredients  used  in  mixing  this 
mortar  varies  considerably  with  the  class  of  work  and  the 
judgment  of  the  designer.  For  brick  backing,  piers,  and 
walls,  one  part  of  Portland  cement,  two  parts  of  good,  fresh, 
wood-burned  lime,  and  three  parts  of  clean,  sharp  sand  will 
give  satisfaction.  When  this  mixture  is  to  be  used  for 
ashlar  facing  one  part  of  Vicat  Portland  cement,  two  parts 
of  good,  fresh,  wood-burned  lime,  and  three  parts  of  clean, 
sharp  sand,  mixed  together  as  soon  as  prepared,  have  been 
found  to  give  excellent  results.  Frequently  only  a  small 
percentage  of  lime"  is  added  to  the  cement  mortar  to  give 
it  plasticity,  and  in  this  instance  the  specifications  usually 
require  that  the  mortar  shall  be  composed  of  one  part  of 
Portland  cement,  three  parts  of  clean,  sharp  sand,  and  just 
sufficient  lime  to  make  the  mortar  pasty.     Lime-and-cement 
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mortar  is  admirably  adapted  to  the  construction  of  brick 
arches  used  in  fireproof-floor  construction. 

The  New  York  building  laws  stipulate  that  cement-and-lime 
mortar  mixed  shall  be  made  of  one  part  of  lime,  one  part  of 
cement,  and  not  more  than  three  parts  of  sand  to  each. 

In  mixing  lime-and-cement  mortar,  the  slaked  lime  is 
mixed  in  bulk  with  the  sand  and  the  cement  added,  after 
tempering  it  with  water,  immediately  before  being  required. 
The  lime  mortar  and  the  cement  mortar  made  in  this  way 
must  be  thoroughly  incorporated  by  working,  though  this 
must  be  done  rapidly  before  the  cement  has  had  time  to  set. 

109.     Comparison  of  Lime  and  Cement  Mortars. — It 

is  interesting  to  compare  lime  and  cement  mortars  so  as  to 
see  wherein  one  is  more  advantageous  than  the  other.  The 
points  in  favor  of  lime  are:  its  cheapness;  the  large  quantity 
of  mortar  that  can  be  made  from  a  given  quantity  of  lime; 
the  fact  that  if,  before  use,  it  is  kept  damp,  it  remains  good 
indefinitely;  and  the  ease  and  simplicity  of  mixing.  Against 
its  use  may  be  mentioned  these  points:  in  damp  situations, 
it  will  not  harden;  in  the  interior  of  walls  of  any  considerable 
thickness,  it  hardens  (if  at  all)  but  very  slowly;  and  it  is 
much  weaker  than  cement. 

Among  the  advantages  of  cement  mortar  are:  its  hydraulic 
quality,  in  virtue  of  which  it  hardens  even  quicker  in  water 
than  in  air;  its  greater  adhesive  power;  its  rapidity  of  setting; 
and  the  great  ultimate  strength  that  it  attains.  The  points 
against  it  are:  the  extra  care  required  in  mixing  and  handling; 
and  its  greater  cost,  which  is,  of  course,  the  controlling  factor. 
Summing  up,  it  is  evident  that  cement  is  greatly  preferable 
to  lime,  and  the  quality  of  masonry  laid  with  it  is  so  much 
superior  as  to  more  than  counterbalance  the  diiference  in 
cost  over  lime  mortar. 

Cement  mortar  possesses  an  advantage  over  lime  mortar, 
in  that  in  setting  it  does  not  shrink.  Because  of  this  property, 
and  because  of  the  fact  that  cement  mortar  sets  rapidly,  walls 
can  be  laid  up  in  cement  mortar  much  more  rapidly  than  they 
can  in  lime  mortar  and  with  greater  safety. 
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A  mixture  of  cement  and  lime  mortars  is  frequently  used, 
and  is  a  considerable  improvement  on  ordinary  lime  mortar, 
in  that,  if  the  quality  of  lime  is  not  greater  than  one-fourth 
or  one-fifth  that  of  the  cement,  the  strength  will  be  practi- 
cally that  of  cement  mortar,  and  the  mixture  will  set  quickly 
in  damp  places,  while  the  cost  will  be  materially  less  than 
that  of  cement  mortar. 

It  may  be  interesting  to  compare  the  relative  cost  of 
masonry  laid  in  lime  and  in  cement  mortar.  For  this  purpose 
the  following  figures  are  given,  which,  being  obtained  from 
a.  very  reliable  source,  will  undoubtedly  be  found  quite 
accurate.  To  work  from  a  common  basis,  the  estimates  are 
made  per  1,000  brick,  and  per  perch  of  rubble  masonry,  all 
laid  in  l-to-3  mortar.  The  quantities  given,  of  course,  remain 
constant,  while  the  prices  vary  according  to  local  rates. 
These  figures  represent  actual  cost. 

Brickwork  in  Lime  Mortar 

1,000  brick $6.00 

3  bushels  lump  lime,  at  $.25 .75. 

2  load  (i  cubic  yard)  sand,  at  $1.50 .75 

Bricklayer,  7  hours,  at  $.35 2.45 

Helper,  7  hours,  at  $.15 1.05 

Cost,  per  1,000  laid $11.00 

Brickwork  in  Cement  Mortar 

1,000  brick $6.00 

It  barrels  Rosendale  cement,  at  $1.50 2.25 

i  load  sand,  at  $1.50 75 

Labor,  same  as  before 3.50 

Cost $12.50 

Note. — 1£  Portland  cement  is  used,  the  cost  will  be  about  $13.63  per 
thousand  brick. 

Rubble  Masonry  in  Lime  Mortar 

1  perch  stone $1.25 

1  bushel  lime 25 

i  load  sand,  at  $1.50 25 

Mason,  i  day,  at  $3.00 1.00 

Helper,  i  day,  at  $1.50 -38 

Cost,  per  perch $3.13 
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Rubble  Masonry  in  Cement  Mortar 

1  perch  stone $1.25 

2  barrel  Rosendale  cement,  at  $1.50 75 

i  load  sand,  at  $1.50 25 

Labor,  same  as  before 1.38 

Cost       $3.63 

Note. — Using  Portland  cement,  at  $2.25  per  barrel,  the  cost  per 
perch  will  be  $4.01. 

From  these  figures,  it  is  evident  that  a  considerable 
difference  exists  between  the  cost  of  lime  and  cement 
mortars,  in  favor  of  the  former.  A  large  part  of  this  differ- • 
ence  may  be  overcome  by  replacing  some  of  the  cement  by 
lime,  which  will  cheapen  the  mortar,  and  at  the  same  time 
give  it  the  valuable  qualities  possessed  by  both  materials. 


MATERIALS  OF  STRUCTURAL 
ENGINEERUNG 

(PART  3) 


TIMBER    AND    METALS 


CHARACTKRISTIC8     OF     TIMBER 

1.  Wood,  as  a  building  material,  is  divided  into  three 
general  groups;  namely,  the  evergreen,  the  tropical,  and  the 
hardwood.  In  the  first  of  these  are  classed  pine,  spruce, 
hemlock,  cedar,  cypress,  etc.;  in  the  second,  palm,  rattan, 
bamboo,  etc.;  in  the  third,  oak,  chestnut,  walnut,  locust, 
maple,  hickory,  ash,  boxwood,  whitewood,  and  a  number  of 
others.  Each  of  these  woods  has  peculiarities  and  character- 
istics which  render  it  fit  and  useful  for  some  building  pur- 
poses, and  utterly  unfit  and  useless  for  others. 

2.  White  pine,  commonly  known  as  pine,  or  sometimes 
referred  to  as  northern  pine,  to  distinguish  it  from  the  species 
described  below,  is  a  tree  common  in  the  northern  part  of 
the  United  States  and  in  Canada.  It  furnishes  a  light,  soft, 
and  straight-grained  wood  of  a  yellowish  color,  but  is  not  so 
strong  as  other  woods  of  the  same  class,  and  in  building  is 
used  principally  as  a  finishing  material,  where  a  good, 
durable,  but  inexpensive  job  is  required.  As  a  material  for 
patternmaking  it  has  no  equal,  and  its  power  of  holding  glue 
renders  it  invaluable  to  the  cabinetmaker  and  joiner. 

3.  Georgia  pine,  also  known  as  hard  pine,  pitch  pine, 
aiid    occasionally    as    long-leafed  pine,    which    is    really  the 
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best  name  for  it,  is  a  large  forest  tree  growing  along  the 
southern  coast  of  the  United  States,  from  Virginia  to  Texas, 
and  extending  only  about  150  miles  inland.  Its  annual  rings 
are  smaller  than  those  of  the  white  pine,  and  have  a  dense, 
dark-colored,  resinous  summer  growth,  which  gives  the  wood 
a  well-marked  grain. 

The  wood  is  heavy,  hard,  strong,  and,  under  proper  con- 
ditions, very  durable.  For  heavy  framing  timbers  and  floors 
it  is  most  desirable,  and  on  account  of  its  grain  is  sometimes 
used  for  the  trim  of  unimportant  rooms.  It  rapidly  decays 
in  a  damp  location,  and  therefore  cannot  be  used  for  house 
sills,  or  as  sleepers  or  posts  that  are  in  contact  with  the 
ground,  but  if  situated  in  a  dry,  well-ventilated  place,  it  will 
remain  practically  unchanged  for  over  a  century. 

Great  care  should  be  exercised  in  obtaining  Georgia 
pine,  as  in  many  localities  this  wood  is  confused  with 
another  material  variously  known  as  Carolina  pine  and 
Northern  yelloiu  pine,  which  is  greatly  inferior  to  it  in 
every  respect. 

The  Carolina  pine  is  not  a  long-leafed  pine,  and  is  neither 
so  strong  nor  so  durable  as  the  Georgia  or  Southern  pine. 
In  appearance  it  is  somewhat  lighter  than  the  long-leafed 
pine,  and  the  fiber  is  softer  and  contains  less  resin  than 
the  regular  hard,  or  pitch,  pine. 

4.  Spruce  is  a  name  given  to  all  the  wood  furnished 
by  the  various  species  of  the  spruce  fir  tree.  There  are 
four  varieties  of  the  wood,  known  as  black  spruce,  white 
spruce,  Norway  spruce,  and  single  spruce. 

Black  spruce  grows  in  the  northern  half  of  the  United 
States  and  throughout  British  America.  Its  wood  is  light 
in  weight,  reddish  in  color,  and,  though  easy  to  work,  is 
very  tough  in  fiber  and  highly  desirable  for  joists,  studs, 
and  general  framing  timber.  It  is  also  greatly  used  for 
piles  and  submerged  cribs  and  cofferdams,  as  it  not  only 
preserves  well  under  water  but  also  resists  the  destructive 
action  of  parasitic  Crustacea,  such  as  barnacles  and  mussels, 
longer  than  any  other  similar  wood. 
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White  spruce  is  not  so  common  as  the  black  variety, 
though,  when  sawed  into  lumber,  it  can  scarcely  be  dis- 
tinguished from  it.  Its  growth  is  confined  to  the  extreme 
northern  part  of  the  United  States  and  to  British  America. 
Another  variety  of  white  spruce  is  a  large-sized  tree 
growing  in  the  central  and  southern  parts  of  the  Rocky 
Mountains,  from  Mexico  to  Montana. 

Norway  spruce  is  a  variety  growing  in  Central  and  Northern 
Europe  and  in  Northern  Asia,  and  its  tough,  straight  grain 
makes  it  an  excellent  material  for  ships,  masts,  spars,  etc., 
as  well  as  the  more  ordinary  purposes  of  house  building. 
Under  the  name  of  white  deal,  it  fills  the  same  place  in  the 
European  woodworking  shops  as  white  pine  does  in  America. 

Single  spruce  grows  in  the  central  and  the  western  part 
of  the  United  States.  It  is  lighter  in  color,  but  otherwise 
its  properties  are  similar  to  the  black  and  the  white  spruce. 

5.  Hemlock  is  similar  to  spruce  in  appearance,  though 
much  inferior  as  a  building  material.  The  wood  is  very 
brittle,  splits  easily,  and  is  liable  to  be  shaky.  Its  grain 
is  coarse  and  uneven,  and  though  it  holds  nails  much 
more  firmly  than  pine,  the  wood  is  generally  soft  and  not 
durable. 

Some  varieties  of  it  are  better  than  others,  but  in  com- 
merce they  are  so  mixed  that  it  is  difficult  to  obtain  a 
large  quantity  of  even  quality.  Hemlock  is  used  almost 
exclusively  as  a  cheap,  rough  framing  timber. 

6.  White  cedar  is  a  soft,  light,  fine-grained,  and  very 
durable  wood,  but  lacks  both  strength  and  toughness.  Its 
durability  makes  it  a  desirable  material  for  shingles,  and 
also  for  tanks  in  which  water  is  stored;  these  are  about  the 
only  purposes  for  which  it  is  used  in  building  Construction, 
though  it  is  used  largely  in  boat  building,  cigar-box  manu- 
facture, and  cooperage. 

7.  Red  cedar  is  a  smaller  tree  than  white  cedar,  and  of 
much  slower  growth.  The  wood  is  very  similar  in  texture 
to  white  cedar,  but  even  more  compact  and  durable.  It  is  of 
a  reddish-brown   color,   and   possesses   a   strong,    pungent 
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odor,  which  repels  insects.  Its  extreme  durability  makes  it 
valuable  for  posts,  sills,  sleepers,  etc.  in  contact  with  the 
ground,  and  its  strong  odor  renders  it  extremely  serviceable 
as  shelving  for  closets  and  linings  for  chests  and  trunks, 
where  the  exclusion  of  moths  and  other  insects  is  desired. 

8.  Cypress  is  a  wood  very  similar  to  cedar,  growing  in 
Southern  Europe  and  in  the  southern  and  western  portions 
of  the  United  States.  It  is  one  of  the  most  durable  woods, 
and  is  well  adapted  for  outside  use. 

In  the  northern  part  of  the  United  States  its  use  is  con- 
fined almost  exclusively  to  shingles,  but  in  the  South  it  is 
used  as  extensively  as  pine  is  in  the  North. 

9.  Redwood  is  the  name  given  to  one  of  the  species  of 
giant  trees  of  California,  and  is  the  most  valuable  timber 
grown  in  that  state.  It  grows  to  a  height  of  from  200  to 
300  feet,  and  its  trunk  is  bare  and  branchless  for  one-third 
of  its  height.  The  color  is  a  dull  red,  and  while  the  wood 
resembles  pine  and  is  used  generally  in  the  West  for  the 
same  purposes  as  pine  is  in  the  East,  it  is  inferior  to  pine 
on  account  of  its  peculiarity  of  shrinking  lengthwise  as  well 
as  crosswise.  It  is  used  largely  for  railroad  ties,  fence 
posts,  telegraph  poles,  and  other  purposes  where  durability 
under  exposure  is  required.  As  an  interior  finishing  material 
it  is  highly  prized,  as  it  takes  a  high  polish,  and  its  color 
improves  with  age. 

10.  The  hardwood  group  is  headed  by  the  oak  as 
typical  of  its  class,  nearly  all  others  being  compared  with  it 
in  regard  to  hardness,  durability,  and  strength. 

White  oak  is  the  hardest  of  the  several  American  species 
of  the  oak  tree,  and  it  grows  in  abundance  throughout 
the  eastern  half  of  the  United  States.  It  furnishes  a  wood 
that  is  heavy,  hard,  cross-grained,  strong,  and  of  a  light 
yellowish-brown  color.  It  is  used  where  great  strength  and 
durability  are  required,  as  in  framed  structures,  ship  building, 
cooperage,  and  carriage  making. 

Red  oak  is  similar  in  nearly  every  respect  to  white  oak, 
except   in   its    grain    and    color,    the    grain    usually   being 
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coarser  and  the  color  darker  and  redder.  It  is  also  about 
12  per  cent,  softer. 

English  oak  is  similar  to  the  American  oaks  in  color, 
texture,  and  appearance,  but  is  superior  to  them  for  such 
structural  purposes  as  ship  building  and  house  framing. 

The  structure  of  the  fiber,  and  the  large,  thick,  and  numer- 
ous medullary  rays,  make  oak  especially  prized  as  a  material 
for  cabinetwork  and  furniture  when  the  log  is  quarter-sawed. 
The  silver  grain  and  the  high  and  durable  polish  that  the 
wood  is  capable  of  receiving,  make  it  one  of  the  most  beau- 
tiful used  in  joinery  and  cabinetwork. 

11.  Ash,  the  wood  of  a  large  tree  growing  in  the  colder 
portions  of  the  United  States,  is  heavy,  hard,  and  very  elastic. 
Its  grain  is  coarse,  and  its  color  is  very  similar  to  that  of  red 
oak,  which  it  also  resembles  in  strength  and  hardness. 

Ash  is  sometimes  used  for  furniture  and  cabinetwork, 
making  a  good  imitation  of  oak,  but  it  is  never  so  strongly 
marked  in  the  silver  grain  as  oak,  and  its  tendency,  after  a 
few  years,  to  become  decayed  and  brittle  renders  it  unfit  for 
structural  work. 

12.  Hickory  is  the  heaviest,  hardest,  toughest,  and 
strongest  of  all  the  American  woods.  The  medullary  rays 
are  very  numerous  and  distinct,  and  produce  a  fine  effect 
in  the  quarter-sawed  plank.  The  flexibility  of  the  wood, 
together  with  its  toughness  and  strength,  render  it  valuable 
in  the  manufacture  of  carriages,  sleighs,  and  implements 
requiring  bent-wood  details. 

As  a  building  material,  it  is  unfit  for  use:  first,  on  account 
of  its  extreme  hardness  and  difficulty  of  working;  and  second, 
on  account  of  its  liability  to  the  attacks  of  boring  insects, 
even  after  the  fibers  have  been  filled  and  varnished. 

13.  liocust  is  one  of  the  largest  forest  trees  in  the 
United  States,  and  furnishes  a  wood  that  is  as  hard  as  white 
oak.  It  is  composed  of  very  wide  annual  layers,  in  which 
the  vessels  are  few,  but  very  large,  and  are  arranged  in  rows, 
giving  the  wood  a  peculiar  striped  grain.  Its  principal  use 
is  in  exposed  places  where  great  durability  is  required,  while 
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for  posts  for  buildings  and  fences  in  damp  locations  it  has 
no  superior.  Its  hardness  increases  with  age,  and  on  this 
account  it  is  used  for  turned  ornaments  and  occasionally  in 
cabinetwork. 

14.  Maple  is  a  large-sized  timber  tree  that  furnishes 
a  light-colored,  fine-grained,  hard,  strong,  and  heavy  wood. 
The  annual  growth  is  narrow  and  close,  but  on  careful 
examination  small  vessels  may  be  seen  scattered  through  it. 
The  medullary  rays  are  small  and  distinct,  giving  to  the 
quarter-cut  lumber  a  clearly  defined  silver  grain.  Two  other 
characteristics  of  the  grain  are  observed,  especially  in  old 
trees,  and  are  known  as  curly  maple  and  bird's-eye  maple. 
The  former  is  a  waviness  of  the  grain  similar  to  the  burl 
obtained  from  the  root  timber  of  the  walnut  tree,  while  the 
bird's-eye  is  an  effect  produced  in  old  trees  by  the  circular 
inflexion  of  the  fibers.  The  plank  appears  to  be  covered  with 
numerous  small  spots,  similar  to  minute  knots,  and  strongly 
resembling  birds'  eyes,  whence  it  derives  its  name.  Though 
the  appearance  of  both  the  curly  maple  and  the  bird's-eye 
maple  is  practically  due  to  distorted  fibers,  which  materi- 
ally reduce  the  strength  of  the  wood,  they  are  highly  prized 
in  the  cabinetmaker's  art,  as  they  lend  to  the  polished 
surface  a  variegation  and  impart  a  beauty  equaled  by  few 
other  materials. 

15.  Chestnut,  a  large  forest  tree  common  to  the  eastern 
part  of  the  United  States,  produces  a  comparatively  soft, 
coarse-grained  wood  that,  though  very  brittle,  is  exceedingly 
durable  when  exposed  to  the  weather.  It  will  not  stand 
variations  of  slowly  evaporating  moisture  as  well  as  locust, 
and  is  therefore  not  so  well  suited  for  fence  posts  and  sills 
laid  in  contact  with  the  earth;  but  for  exposed  structures 
and  sleepers  laid  in  concrete  or  sandy  soil,  it  affords  a 
material  much  more  easily  worked  than  locust  and  nearly  as 
durable  as  cedar. 

At  the  age  of  50  years  the  tree  is  in  fine  condition  for  cut- 
ting, previous  to  which  the  wood  is  likely  to  be  composed  of 
large  cells  filled  with  moisture,  that  do  not  dry  out  without 
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impairing  the  quality  of  the  timber.  On  the  other  hand, 
if  the  tree  is  not  cut  at  50  years,  it  is  almost  sure  to 
become  decayed  in  the  heart  wood,  and  thereby  rendered 
unfit  for  use. 

16.  Beech  is  the  wood  of  a  large  forest  tree  growing  in 
the  eastern  part  of  the  United  States,  and  in  Europe.  It  is 
used  but  slightly  in  building,  owing  to  its  tendency  to  rot  in 
damp  situations,  but  it  is  often  used,  especially  in  European 
countries,  for  piles,  in  places  where  it  will  be  constantly  sub- 
merged. It  is  very  hard  and  tough,  and  of  a  close,  uniform 
texture,  which  renders  it  a  desirable  material  for  tool  handles 
and  plane  stocks,  a  use  to  which  it  is  often  put.  It  is  occa- 
sionally used  for  furniture  on  account  of  its  susceptibility 
to  a  high  polish,  but  is  too  brittle  for  very  fine  work  requiring 
strength. 

17.  White-wood,  so  called  from  the  purity  of  its  color, 
is  the  lumber  of  the  tulip  tree,  a  large,  straight  forest  tree 
abundant  in  the  United  States.  It  is  light,  soft,  very  brittle, 
and  shrinks  excessively  in  drying.  When  thoroughly  dry  it 
will  not  split  with  the  grain,  and  in  even  slight  atmospheric 
changes  will  warp  and  twist  exceedingly.  Its  cheapness, 
ease  of  working,  and  the  large  size  of  its  boards  cause  it  to 
be  used  in  carpentry  and  joinery,  in  many  places  where  it  is 
utterly  unsuited. 

18.  Button\Nrood,  also  called  sycamore,  is  the  name 
given  in  the  United  States  to  the  wood  of  a  species  of  tree 
generally  known  as  plane  tree.  The  wood  is  heavy  and 
hard,  of  a  light  brown  color,  and  very  brittle.  Its  grain  is 
fine  and  close,  but,  though  susceptible  to  a  high  polish,  it  is 
not  much  used  in  general  carpentry  or  joinery,  as  it  is  very 
hard  to  work  and  has  a  strong  tendency  to  warp  and  twist 
under  variations  of  temperature.  In  damp  places  it  will 
soon  show  signs  of  decay  and  is  therefore  unfitted  for  any 
but  the  most  protected  positions. 

19.  lilgnum  vitse  is  an  exceedingly  heavy,  hard,  and 
dark-colored  wood,  with  an  almost  solid  annual  growth.     It 
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is  very  resinous,  difficult  to  split,  and  has  a  soapy  feeling 
when  handled.  Its  color  is  dark  brown,  with  lighter  brown 
markings,  and  it  is  used  mostly  for  small  turned  articles, 
tool  handles,  and  the  sheaves  of  block  pulleys. 


STRENGTH     VALUES 

20.  The  ultimate  strength,  of  any  material  is  that  unit 
stress  that  is  just  sufficient  to  break  it. 

The  ultimate  elongation  is  the  total  elongation  pro- 
duced in  a  unit  of  length  of  the  material  having  a  unit  of  area, 
by  a  stress  equal  to  the  ultimate  strength  of  the  material. 

21.  Modulus  of  Rupture. — When  a  simple  beam 
breaks,  the  fibers  at  the  top  are  in  compression,  and  those 
at  the  bottom  in  tension,  as  shown  in  Fig.  1.    By  actual  tests, 

it  has  been  found  that 
though  some  of  the 
different  fibers  of  ma- 
terials under  trans- 
verse stresses  are  in 
compression  and  some 
in  tension,  the  ultimate 
resistance  of  the  material  does  not  agree  with  the  ultimate 
resistance  of  the  fibers  to  either  tension  or  compression. 
Though  many  attempts  have  been  made  to  account  for  it, 
this  fact  remains;  hence,  it  becomes  necessary  to  obtain 
some  constant,  or  value,  more  closely  agreeing  with  the 
strength  of  materials  under  transverse  stress.  It  is  usual, 
therefore,  where  the  cross-section  of  the  beam  is  uniform, 
to  obtain,  by  actual  tests,  the  constant  or  value  for  each 
material.  This  value  is  called  the  modulus  of  rupture 
and  is  generally  expressed  in  pounds  per  square  inch. 

22.  Table  I  gives  values  of  the  strength  of  timber  when 
subjected  to  different  stresses.  The  column  in  the  table, 
headed  Compression,  With  Grain,  will  be  found  useful  in  com- 
puting the  strength  of  columns.  The  values  in  the  column 
headed  Compression,  Across  Grain,  are  used  in  cases  similar 


Fig.  1 
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to  Fig.  2,  and  are  such  as  will  not  produce  an  indenture  of 
more  than  tot  inch  in  the  surface  of  the  timber,  a  value 
well  within  the  safe  limit.  The  values  under  the  heading, 
Shearing,  With  Grain,  are  used  in  computing  the  strength 
of  the  end  of  the  tie-beam  at  the  heel  of  the  main  rafter  in  a 


roof  truss,  as  shown  in  Fig.  3.  The  tendency  is  to  shear  off 
the  piece  h  parallel  to  the  grain  along  the  line  a  b.  The 
figures  in  the  column  headed  Transverse,  Modulus  of  Rup- 
ture, are  the  constants,  or  values,  used  when  computing  the 
strength  of  beams. 


Fig.  3 

The  values  in  Table  I  were  recommended  by  the  com- 
mittee on  Strength  of  Bridge  and  Trestle  Timbers  of  the 
Association  of  Railway  Superintendents  of  Bridges  and 
Buildings  in  its  fifth  annual  convention,  which  was  held  in 
New  Orleans,  October,  1895. 
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CHARACTERISTICS    OF    IRON    AND    STEEL 

23.  Iron  is  very  widely  distributed  in  nature  and  its 
compounds  are  abundant.  Probably  no  portion  of  the 
earth's  crust  is  free  from  it,  yet  it  occurs  native  only  in 
very  small  quantities,  and  the  iron  thus  found  is  probably 
of  meteoric  origin  and  is  always  alloyed  to  some  extent 
with  other  metals,  as  nickel,  cobalt,  copper,  etc.  Its  strong 
affinity  for  norj-metals  explains  its  infrequent  occurrence  in 
the  native  condition;  and  the  dissimilarity  between  the 
metal  and  its  ores  may  explain  why  it  was  among  the  later 
useful  metals  to  be  discovered,  if,  as  is  generally  believed, 
such  is  the  case.  It  may  be  mentioned,  however,  that  some 
writers  think  that  iron  was  known  and  used  at  a  much 
earlier  period  in  the  world's  history  than  is  generally 
believed,  but  that  its  tendency  to  corrode  has  destroyed  all 
traces  of  its  use  in  ancient  times,  while  instruments  of  brass 
and  bronze  remain. 

Chemically  pure  iron  is  valuable  only  for  experimental 
purposes  and  as  a  curiosity,  as  it  has  no  use  in  the  arts 
except,  perhaps,  in  medicine.  It  may  be  obtained  on  a 
small  scale  in  several  ways,  among  which  may  be  mentioned 
the  reduction  of  pure  ferric  oxide  by  heating  it  in  a  current 
of  hydrogen,  and  by  the  electrical  decomposition  of  a  solution 
of  pure  ferrous  sulphate  or  chloride.  While  pure  iron  is 
devoid  of  value,  when  it  contains  small  quantities  of  other 
elements  it  is  the  most  useful  and  widely  used  of  all 
metals;  in  fact,  it  is  almost  impossible  to  overestimate  its 
importance  in  the  arts. 

24.  The  manufacture  of  iron  from  its  ores  depends  on 
chemical  principles  with  which  we  are  familiar.  As  iron 
does  not  occur  native,  it  is  necessary  to  reduce  its  com- 
pounds, and  this  is  done  in  such  a  manner  that  the  resulting 
metal  will  contain  the  elements  necessary  to  give  it  the 
properties  that  have  made  it  so  valuable.  The  method 
almost  universally  employed  is  to  charge  in  the  ore, 
together  with  the  fuel — which  at  present  is  nearly  always 
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either  coke,  coal,  or  charcoal — at  the  top  of  a  tall  furnace; 
as  the  ore  always  contains  extraneous  matter,  a  flux  is 
added  in  the  proper  amount  to  form  a  fusible  slag  with 
these  impurities.  Hot  air  blown  into  the  furnace  near 
the  bottom,  on  coming  in  contact  with  the  highly  heated 
fuel  in  excess,  forms  carbon  monoxide,  which  passes  up 
through  the  descending  charge  of  ore,  fuel,  and  flux.  At 
the  temperature  of  the  furnace,  both  the  carbon  of  the  fuel 
and  the  carbon  monoxide  thus  formed  act  as  reducing  agents 
on  the  ore,  removing  the  oxygen  and  leaving  metallic  iron, 
which,  at  the  intense  heat  near  the  bottom  of  the  furnace, 
melts  and  drops  to  the  bottom,  taking  up  some  carbon  from 
the  fuel,  and  silicon,  sulphur,  phosphorus,  and  manganese 
from  the  ore,  fuel,  and  flux.  At  the  same  time,  the  silica, 
alumina,  lime,  and  magnesia  of  the  ore,  fuel,  and  flux  unite, 
forming  a  fluid  slag  that,  being  lighter  than  iron,  floats  on 
the  molten  metal  in  the  bottom.  The  iron  and  slag  thus 
formed  are  drawn  out  at  proper  intervals  through  openings 
provided  for  them  in  the  bottom  of  the  furnace. 

When  the  ascending  gas  reaches  the  top  of  the  furnace  it 
contains  considerable  carbon  monoxide,  which  is  very  com- 
bustible. It  passes  through  an  opening  near  the  top  of  the 
furnace  and  is  led  through  the  "down-comer"  to  a  feedpipe. 
Part  of  it  is  then  used  to  heat  the  stoves  that  are  employed 
to  heat  the  blast  of  air  blown  in  near  the  bottom  of  the 
furnace  by  means  of  blowing  engines.  The  part  of  the  gas 
not  used  in  the  stoves  is  burned  under  the  boilers  that 
produce  steam  to  run  the  blowing  engines. 

25.  Definition  of  Steel.— While  at  first  thought  it 
seems  to  be  a  simple  matter  to  define  sieel  properly,  the 
more  familiar  one  becomes  with  the  subject,  the  more  per- 
plexing is  it  to  write  a  concise  definition  that  will  apply 
to  the  wide  range  of  steels  produced,  or  even  to  the  greater 
part  of  them.  Before  the  introduction  of  the  modern 
methods  of  manufacture,  the  distinction  between  steel  and 
wrought  iron  was  sharp  and  well  marked,  and  steel  could  be 
defined  as   any  alloy  of  iron  with  carbon  that  would   take 
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a  temper  on  quenching.  Wrought  iron  does  not  sensibly 
harden  on  sudden  cooling  in  water  from  a  red  heat. 
Modern  methods  of  manufacture,  however,  have  produced  a 
metal  that  largely  partakes  of  the  nature  of  wrought  iron, 
though  it  is  made  by  the  same  processes  that  give  a  metal 
that  hardens  on  quenching.  For  this  reason  such  a  classifica- 
tion as  the  above  would  now  throw  out  the  greater  amount, 
or  at  least  a  very  large  tonnage,  of  the  material  classed  and 
accepted  by  the  metallurgical  and  commercial  world  as  steel. 
The  Bessemer  converter  and  open-hearth  furnace  early 
showed  an  adaptability  to  produce  a  soft  metal  having  great 
strength,  elasticity,  and  ductility,  capable  of  displacing 
wrought  iron,  and,  for  most  purposes,  far  superior  to  it.  It 
is  impossible,  therefore,  to  offer  a  thoroughly  comprehensive 
definition  of  steel  that  is  not  easily  assailable  and  whose 
inapplicability  is  shown  from  some  standpoint. 

Steel  may  be  defined  as  a  metal  produced  by  the  complete 
fusion  of  materials  in  a  bath,  the  necessary  properties  being 
given,  after  conversion,  by  additions  of  carbon  or  carbon 
alloys.  Wrought  iron  may  be  defined  as  a  metal  produced 
by  the  partial  fusion,  or  bringing  to  a  pasty  condition,  of 
materials  on  a  hearth. 

Blister,  or  cementation,  steel,  which  is  made  by  soaking  bars 
of  iron,  at  or  above  a  red  heat,  in  charcoal  or  carbon,  would 
seem  to  be  a  notable  exception;  but  as  this  is  mainly  an 
intermediate  product  for  remelting  in  crucibles,  and  as  its 
production  is  of  little  importance,  it  will  be  disregarded  in 
this  treatment  of  the  subject. 

The  question  of  the  proper  classification  of  steels  is  one  to 
which  much  attention  has  been  given  in  the  past,  an  inter- 
national committee  at  one  time  having  been  selected  from 
the  metallurgical  and  technical  societies  of  the  principal 
steel-producing  countries  to  adopt  a  universal  classification. 
While  much  good  came  of  their  work,  and  strenuous  efforts 
were  made  to  adopt  their  classification,  it  was  never  generally 
used  metallurgically  nor  commercially. 

Many  theories  have  been  advanced  as  to  what  steel  is. 
One  that  is  held  by  many  practical  metallurgists  is  that  the 
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ideal  steel  is  an  alloy  of  pure  iron  and  carbon  only,  all  other 
elements  being  regarded  as  impurities.  From  this  point  of 
view,  all  grades  of  steel  can  be  produced  by  simply  varying 
the  amount  of  carbon;  but  as  impurities  are  -necessarily 
present,  all  steel  contains  varying,  and  usually  very  small, 
amounts  of  sulphur,  phosphorus,  silicon,  metallic  oxides,  and 
gases,  which  require  other  additions  for  their  neutralization 
or  elimination.  Again,  special  alloys  are  required  for  giving 
steels  characteristic  qualities  for  particular  purposes;  such 
are  the  nickel,  tungsten,  chrome,  manganese,  and  molybde- 
num steel. 

26.  Processes  of  Manufacture. — There  are  only  three 
processes  fbr  the  manufacture  of  steel:  The  crucible,  the 
oldest  of  present  methods;  the  Bessemer;  and  the  open-hearth. 
The  last  two  were  developed  almost  simultaneously.  The 
Bessemer  was  first  perfected,  and  for  the  first  35  years,  or 
up  to  about  1890,  led  the  open-hearth,  both  as  to  tonnage 
produced  and  in  the  perfection  of  methods  and  appliances — 
both  metallurgical  and  mechanical.  While  the  Bessemer 
process  still  produces  the  greater  tonnage,  this  is  the  only 
direction  in  which  it  can  claim  superiority  over  the  open- 
hearth.  In  the  order  of  their  metallurgical  and  commercial 
importance  today  the  processes  rank:  first,  the  open-hearth; 
second,  the  Bessemer;  and  third,  the  crucible. 

While  the  crucible  process  is  of  the  least  consequence, 
it  holds  the  most  distinctive  field  metallurgically,  and  one 
from  which  the  others  seem  unlikely  to  crowd  it  out.  Given 
the  same  composition,  it  is  well  established  that  crucible 
steel  is  superior  to  either  of  the  others,  but  owing  to  the 
much  higher  cost  of  production,  its  use  is  now  restricted 
mainly  to  the  making  of  high-grade  tools,  certain  mining 
drills,  parts  of  intricate  machines,  and,  in  general,  where  the 
first  cost  of  the  steel  can  be  ignored. 

The  open-hearth  process  can  claim  as  its  own  a  larger 
field  than  the  Bessemer.  Open-hearth  steel  is  now  used  for 
the  better  grades  of  plate  steel,  forgings,  car  axles,  and 
structural    steel.     The   basic   open-hearth  process   is   used 
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where  an  extra-soft,  pure  steel  is  required,  as  in  plates, 
sheets,  rods,  wires,  etc.  Bessemer  steel  is  used  for  rails, 
nails,  tin  plate,  light  axles,  in  fact,  for  those  articles  where 
cheapness  is  desired.  It  is,  however,  being  rapidly  replaced 
by  steel  produced  by  the  basic  open-hearth  -process.  The 
basic  process,  by  cheaper  production  than  was  possible  in  the 
acid  open-hearth,  makes  this  a  formidable  rival  of  the 
Bessemer  and  seems  practically  sure  to  largely  supplant 
it  in  the  next  few  years.  Owing  to  lower  cost  of  production, 
the  Bessemer  process  held  undisputed  sway  for  years  in 
all  lines  using  a  large  tonnage  of  steel.  The  open-hearth 
gradually  demonstrated  its  superior  fitness  for  special  lines. 
While  both  the  crucible  and  open-hearth  processes  have  dis- 
tinctive fields,  held  from  the  cheaper  metal  by  the  superior 
quality  of  their  product,  the  Bessemer  has  no  field  the  open- 
hearth  cannot  fill,  and  only  by  lower  cost  does  it  still  produce 
the  greater  tonnage.  Practically  all  rails  are  as  yet  made 
of  Bessemer  metal;  also,  most  of  the  "billets"  and  "slabs" 
for  merchant  bar,  tin  plate,  sheets,  nails,  light  axles,  and 
some  ship  and  tank  plates,  etc. 

27.  Table  II  gives  the  average  ultimate  strengths  of  the 
various  metals  employed  in  building  construction. 

Example  1. — What  pull  will  be  required  to  break  a  2-inch  diameter 
rod  of  wrought  iron? 

Solution. — The  area  of  the  rod  is  equal  to  the  area  of  a  2-in. 
circle,  which  is  2'  X  .7854  =  3.14  sq.  in.;  the  ultimate  tensile,  or 
breaking,  strength  of  wrought  iron,  according  to  Table  II,  is  48,000  lb. 
per  sq.  in.  Therefore,  the  ultimate  strength  of  the  rod  in  question  is 
3.14  X  48,000  =  150,720  lb.     Ans. 

Example  2.— What  length  of  wrought-iron  bar,  if  hung  by  one 
end,  will  break  of  its  own  weight,  assuming  the  weight  of  1  cubic 
inch  of  wrought  iron  to  be  .227  pound. 

Solution.— Assume  any  size  of  bar;  say,  li  in.  in  diameter.  The 
area  of  this  bar  is  .99  sq.  in.,  which  may,  for  convenience,  be  called 
1  sq.  in.  Now,  as  there  is  just  1  cu.  in.  in  each  lineal  inch  in  the  rod, 
a  length  of  1  ft.  weighs  .277  X  12  =  3.32  lb.  The  tensile  strength  of 
wrought  iron  being  48,000  lb.  per  sq.  in.,  and   1  ft.  of   its   length 

weighing 3.32  lb.,  the  length  of  rod  required  is    g'g^    =  14,458ft.  Ans. 
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FACTOR  OF  SAFETY 

28.  The  factor  of  safety,  or,  as  it  is  sometimes  called, 
the  safety  factor,  is  the  ratio  of  the  breaking  strength  of 
the  structure  to  the  load  that,  under  usual  conditions,  it  is 
called  on  to  carry.  Suppose  that  the  load  required  to  break, 
dismember,  or  crush  a  structure  is  5,000  pounds,  and  that 
the  load  it  is  called  on  to  carry  is  1,000  pounds,  then  the 
factor  of  safety  may  be  obtained  by  dividing  5,000  pounds 
by  1,000  pounds,  or  looo  =  5,  the  factor  of  safety  in  this 
structure. 

The  factor  of  safety  depends  on  the  conditions,  circum- 
stances, or  materials  used;  in  other  words,  it  is  the  factor 
of  ignorance.  When  a  piece  of  steel,  wood,  or  cast  iron  is 
used  in  a  building,  the  engineer  does  not  know  the  exact 
strength  of  that  particular  piece  of  steel,  wood,  or  cast  iron. 
From  his  own  experience,  and  that  of  others,  he  knows  the 
approximate  tensile  strength  of  structural  steel  to  be  60,000 
pounds  per  square  inch,  and  that  it  varies  more  or  less  from 
this  value.  In  regard  to  timber,  the  uncertainty  is  much 
greater,  because  of  knots,  shakes,  and  interior  rot,  not 
always  evident  on  the  surface.  Cast  iron  is  even  more 
unreliable,  on  account  of  almost  indeterminable  blowholes, 
flaws,  and  imperfections  in  the  castings. 

29.  Deterioration. — Another  factor  to  be  considered 
is  deterioration  in  the  material,  due  to  various  causes.  In 
metals  there  is  corrosion  on  account  of  moisture  and  gases 
in  the  atmosphere,  especially  noticeable  in  the  steel  trusses 
over  railroad  sheds,  where  the  sulphur  fumes  from  the  stacks 
of  the  locomotives  unite  with  the  moisture  in  the  air,  form- 
ing free  sulphuric  acid,  which  attacks  the  steel  vigorously, 
and  it  demands  constant  painting  to  prevent  its  entire 
destruction.  Wood  is  subject  to  decay  from  either  dry  or 
wet  rot,  caused  by  local  conditions;  it  may,  like  iron  and 
steel,  be  subjected  to  fatigue,  produced  by  constant  stress 
due  to  the  load,  it  is  required  to  sustain.  Cast  iron  does  not 
deteriorate  to  any  great  extent,  its  corrosion  not  being  as 
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rapid,  possibly,  as  that  of  steel  or  wrought  iron.  However, 
there  are  internal  strains  produced  in  cast  iron  by  the  irreg- 
ular cooling  of  the  metal  in  the  mold.  Under  the  slightest 
blow,  castings  will  sometimes,  owing  to  these  internal 
stresses,  snap  and  break  in  a  number  of  places. 

These  reasons  are,  in  truth,  sufficiently  cogent  to  require 
the  factor  of  safety  now  adopted  in  all  engineering  work. 
Table  III  gives  the  factor  of  safety  commonly  employed 
by  conservative  constructors  for  various  materials  used  in 
building  work. 

TABLE   III 

FACTOR     OF     SAFETY    FOR     DIFFERENT     MATERIALS     USED 
IN    CONSTRUCTION 


Materials 


Factor  of  Safety 


Structural  steel  and  wrought  iron 

Wood 

Cast  iron 

Stone  


3  to  4 

4  to  5 
6  to  10 

ID  at  least 


In  this  table,  the  factor  of  safety  generally  used  for  struc- 
tural steel  is  3  to  4,  which  simply  means  that  the  steel 
structure  should  not  break  until  it  bears  a  load  three  or  four 
times  greater  than  it  is  designed  to  carry. 

Example. — If  the  breaking  strength  of  a  cast-iron  column  is 
200,000  pounds,  what  safe  load  will  the  column  sustain  if  a  factor  of 
safety  of  6  is  used? 

Solution.—         200,000  -r-  6  =  33,333  lb.    Ans. 


EXAMPLES    FOR    PRACTICE 

1.  Provided  a  factor  of  safety  of  3  is  adopted,  what  will  be  the  safe 
working  strength  of  a  2-inch  diameter  tension  rod  of  medium  struc- 
tural steel?  Ans.  67,020  lb. 

2.  The  pull  on  a  2-inch  eyebolt,  passing  through  a  piece  of 
Southern  yellow  pine,  is  40,000  pounds.  What  should  be  the  diameter 
of  the  washer,  if  the  bolt  hole  through  it  is  2i  inches  in  diameter? 

Ans.  12i  in. 
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3.  The  bottom  o£  the  notch  in  a  spruce  timber  10  inches  wide 
and  12  inches  deep,  forming  the  tie-member  in  a  roof  truss,  is 
18  inches  from  the  end.  What  resistance  will  the  end  of  the  tie  offer 
to  the  thrust  of  the  rafter?  Ans.  72,000  lb. 

4.  A  short  block  of  Northern  yellow  pine,  10  inches  by  10  inches  in 
section,  standing  on  end,  supports  50,000  pounds.  What  is  its  factor 
of  safety?  Ans.  12 


BEAMS  AND  GIRDERS 

(PART  1) 


ELEMENTS    OF   BEAMS 


DEFINITIONS 

1.  Any  bar  resting-  on  supports  and  liable  to  be  subjected 
to  transverse  stresses  is  called  a  beam. 

A  large  beam  that  carries  smaller,  or  secondary  beams,  is 
a  girder. 

A  beam  resting  on  two  supports  very  near  its  end  is  a 
simple  beam. 

A  beam  resting  on  one  support  at  its  middle,  or  having 
one  end  fixed  (as  in  a  wall)  and  the  other  end  free,  is  a 
cantilever. 

A  beam  that  has  both  ends  firmly  secured  is  a  fixed  beam. 

A  beam  that  rests  on  more  than  two  supports  is  a 
.continuous  beam. 

The  distance  between  the  supports  of  a  simple  beam 
is  its  span,  

MOMENTS  OF  FORCES 

2.  In  order  to  calculate  the  stresses  produced  in  beams 
under  different  conditions,  and  the  forces  at  the  points  of 
support,  it  is  necessary  to  understand  the  theory  of  the 
moments  of  forces. 

In  Fig.  1,  W'x?,  a  weight  that  acts  downwards  with  a  force 
of  10,000  pounds.  If  some  fixed  point  a,  not  in  the  line 
along  which  the  weight  ^Facts,  is  connected  with  the  line  of 
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action  of  W  by  a.  rigid  arm,  so  that  W  pulls  on  one  end  of 
this  arm,  while  the  other  end  is  firmly  held  at  a,  experience 
teaches  that  the  pull  of  IV  tends  to  turn,  or  rotate,  the  arm 
around  the  point  a.      The  tendency  of  a  force  to  produce 

rotation  around  a  given 
point  is  called  the  mo- 
ment of  the  force  with 
respect  to  that  point. 

The  point  a  that-  is 
taken  as  the  center 
around  which  there  is  a 
tendency  to  rotate,  is 
10000  lb.  called  the  center  of 
moments. 

The  perpendicular  distance  from  the  center  of  moments 
to  the  line  along  which  the  force  acts,  is  the  lever  arm  of 
the  force,  also  called  the  leverage  of  the  force. 

3.  The  measure  of  the  moment  of  a  force,  that  is,  of  the 
tendency  of  the  force  to  produce  rotation  around  a  given 
center,  is  the  product  of  the  magnitude  of  the  force  multiplied 


10  ft. 


Fig.  1 


Fig.  2 


by  the  length  of  .its  lever  arm.  In  Fig.  1,  for  example,  the 
magnitude  of  the  force  is  equal  to  the  weight  of  10,000 
pounds,  and  the  length  of  the  lever  arm  is  10  feet;  therefore, 
the  moment  of  the  force  IV,  with  respect  to  the  center  a,  is 
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10,000  X  10  =  100,000,  which,  since  the  factors  by  which  it 
is  produced  represent  feet  and  pounds,  is  called  foot- 
pounds. Thus,  the  rrioment  of  a  force  of  10,000  pounds, 
whose  lever  arm  is  10  feet  long,  is  10,000  X  10  =  100,000 
foot-pounds. 

Example.— What  is  the  moment  of  the  force  of  10,000  pounds 
whose  line  of  action  is  a  b,  Fig.  2,  the  center  of  moments  being  at  df 

Solution.— The  perpendicular  distance  c  d  from  the  line  of  action 
of  the  force  to  the  center  of  moments  being  5  ft.,  and  the  magnitude  of 
the  force  10,000  lb.,  the  moment  is  10,000  X  5  =  50,000  ft. -lb.     Ans. 

4.  In  Fig.  3,  the  line  of  action  of  the  force  of  10,000 
pounds  passes  directly  through  the  point  d;  consequently,  the 

^ LOOOO  lb. 

Pig.  3 

perpendicular  distance  from  the  line  of  action  to  the  point  d 
is  zero  and  there  is  no  tendency  to  rotate  around  that  point; 
therefore,  there  is  no  motion. 

5.  The  moment  of  a  force  may  be  expressed  in  inch- 
pounds,  toot-pounds,  or  foot-tons,  depending  on  the  unit  of 
measurement  used  to  designate  the  magnitude  of  the  force 
and  the  length  of  its  lever  arm.  For  instance,  if  the  magni- 
tude of  a  force  is  measured  in  pounds,  and  the  lever  arm 
through  which  it  acts,  in  inches,  the  moment  will  be  in  inch- 
pounds;  if  a  force  of  10  tons  acts  through  a  lever  arm  of 
20  feet,  the  moment  of  the  force  is  10  X  20  =  200  foot-tons. 

Example. — What  is  the  moment,  in  inch-pounds,  of  a  force  of  8,000 
pounds,  if  the  length  of  the  lever  arm  is  13  feet? 

Solution. — Since  the  moment  is  to  be  in  inch-pounds,  the  length 
of  the  lever  arm  must  be  in  inches.  13  ft.  =  13  X  12  =  156  in.,  and 
the  moment  is  8,000  X  156  =  1,248,000  in. -lb.     Ans. 

6.  Eqnilibriuin  of  Moments. — When  a  body  is  at  rest, 
the  forces  that  act  on  it  must  balance  one  another;  the 
forces  are  then  said  to  be  in  equilibrium.  That  there  may 
be  perfect  balance  among  the  forces,  it  is  necessary  that 
there  be  not  only  no  unbalanced  force  tending  to  move  the 
body  along   sorpe   given  line,   but  that  there   be,  also,  no 
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unbalanced  moment,  the  effect  of  which  would  turn  the  body 
about  some  point. 

Fig.  4  shows  a  beam  or  lever,  resting  on  the  support  c,  on 
the  right-hand  end  of  which  a  force  ^  of  6  pounds  acts  down- 
wards tending  to  turn  it  around  the  point  of  support  c  in  the 
direction  traveled  by  the  hands  of  a  clock,  that  is,  to  produce 
right-haiid    rotation.     The   measure    of    this    tendency   is 

5  X  10  =  50  foot-pounds.  Another  force  a  acts  downwards 
on  the  left-hand  end  of  the  lever,  tending  to  produce  left- 
hand  rotation,  or  to  turn  the  lever  in  the  direction  opposite 
to  that  traveled  by  the  hands  of  a  clock.  Since  the  force  a 
is  10  pounds,  and  it  acts  with  a  lever  arm  of  5  feet,  its 
moment  is  10  X  5  =  50  foot-pounds,  the  same  as  the  moment 
of  the  force  b.  There  are  thus  two  equal  moments,  one  tend- 
ing to  turn  the  lever  to  the  right  and  the  other  to  the  left; 


-5/t.- 


-io/e.- 
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Fig.  4 

as  a  result,  the  effect  of  one  is  neutralized  by  the  effect  of 
the  other,  and  the  second  condition  of  equilibrium  is  fulfilled; 
that  is,  there  is  equilibrium  of  moments. 

7.  Positive  and  Negative  Moments. — It  is  customary 
to  distinguish  between  the  directions  in  which  there  is  a  tend- 
ency to  produce  rotation  by  the  use  of  the  signs  -|-  and  — . 
Thus,  if  a  force  tends  to  produce  right-hand  rotation,  its 
moment  may  be  called  positive  and  be  given  the  plus  sign, 
while  a  force  that  tends  to  produce  rotation  in  the  opposite 
direction  is  called  negative,  and  its  moment  is  given  the 
minus  sign.  That  there  may  be  equilibrium  of  moments, 
the  above  considerations  show  that  the  difference  between 
the  sum  of  the  positive  moments  and  the  sum  of  the  negative 
moments  must  be  zero;  this  difference  is  called  the  alge- 
braic sum  of  the  moments.  The  following  principle  is  then 
evolved:  In  order  that  there  may  be  equilibrium,  the  algebraic 
sum  of  the  moments  of  all  the  forces  acting  on  a  body  must  be  sero.. 
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8.  Resultant  and  Reactionary  Moments. — In  Fig.  5 
is  shown  a  lever  composed  of  two  arms  at  right  angles  to 
each  other  and  free  to  turn  about  the  center  c.  A  force  a, 
whose  moment  is  10  X  5  =  60  foot-pounds,  acts  on  the  hori- 
zontal arm  in  such  a  man- 
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ner  that  it  tends  to  pro- 
duce left-hand  rotation. 
Another  force  b,  whose 
moment  with  respect  to 
the  center  c  is  12  X  3  =  36  _i._|., 

foot-pounds,  tends  to  pro- 
duce right-hand  rotation. 
These  two  forces,  there- 
fore, will  not  produce 
equilibrium,  but  their  com- 
bined efforts  will  be  equal  to  the  algebraic  sum  of  the 
moments.  This  sum  is  the  resultant  moment  of  the  two 
forces  a  and  b.  Thus,  —50  -|-  36  =  —14  foot-pounds,  which 
is  the  resultant  moment  of  the  forces  considered,  because  it 
produces  the  same  effect  as  the  two  moments  combined. 

In  order  to  secure  equilibrium,  there  must  be  another  force 
acting  in  such  a  manner  as  to  overcome  the  algebraic  sum 
of  these  two  moments,  and  consequently  its  moment  must 
be  equal  and  opposite  in  effect  to  the  resultant  moment.  The 
name  given  to  the  moment  of  this  force  is  reactionary 
moment. 

If  the  length  of  the  lever  arm  of  the  force  that  acts  to 
produce  the  reactionary  moment  is  known,  the  magnitude  of 
the  force  may  be  readily  found.  Thus,  in  the  present  case, 
the  resultant  moment  is  —14  foot-pounds;  let  it  be  required 
to  find  the  force  to  produce  equilibrium,  when  acting  with  a 
lever  arm  7  feet  long.  Since  the  moment  is  the  product  of 
the  force  multiplied  by  its  lever  arm,  it  follows  that  the 
required  force  may  be  found  by  dividing  the  given  moment 
by  the  length  of  the  lever  arm;  consequently,  the  required 
force  is  14  -;-  7  =  2  pounds. 

If,  instead  of  the  two  forces  just  considered,  we  have  a 
body  acted  on  by  a  number  of  forces  whose  moments  about 


6 


BEAMS  AND  GIRDERS 


§12 


a  given  center  are  known,  the  reactionary  moment  of  these 
forces,  that  is,  the  moment  of  the  force  required  to  produce 
equilibrium,  is  the  algebraic  sum  of  the  moments  of  the  given 
forces  with  the  sign  changed;  and,  further,  if  the  length  of 
the  lever  arm  of  the  reactionary  moment  is  known,  the  mag- 
nitude of  the  required  force  can  be  found  by  dividing  the 
moment  by  the  length  of  the  lever  arm. 

9.  The  above  principles  may  be  expressed  as  follows: 

Rule. — To  find  the  force  required  to  produce  equilibrium  of 
momeiits,  when  the  moments  of  any  number  of  given  forces  and 
the  lever  arm  of  the  required  force  are  given,  divide  the  algebraic 
sum  of  the  given  m.oments  by  the  length  of  the  given  lever  arm. 
If  the  algebraic  sum  is  positive,  the  required  force  must  tend 
to  produce  left-hand  rotation;  if  negative,  the  force  must  tend  to 
produce  right-liand  rotation. 

Example. — In  Fig.  6,  a  system  of  forces,  shown  by  the  arrows, 
acts  in  various  directions  and  at  various  distances  from  the  center  O. 
The  forte  F'  is  25  pounds  and  its  lever  arm  Op'  is  8  feet,  F" 
is  16  pounds  with  a  lever  arm  Op"  of  12  feet,  F'"  is  40  pounds  with 
a  lever  arm  Op'"  of  6  feet,  and  the  force  ^'  is  100  pounds,  acting 

directly  through  the  center  O.  If  the 
distance  Op"  is  12  feet,  what  must  be 
the  magnitude  of  the  force  F"  in  order 
to  produce  equilibrium  of  moments? 

Solution. — As  shown  by  the  arrows, 
the  forces  tending  to  produce  right-hand 
rotation  are  F'  and  F'" ,  and  their 
moments,  called  positive,  are,  respect- 
ively, 25  X  8  =  -f200  ft. -lb.,  and  40  X  6 
=  +240  ft. -lb.  The  lever  arm  of  the  force  F''  is  zero;  consequently, 
it  has  no  moment  with  respect  to  the  center  O.  The  force  F"  tends  to 
produce  left-hand  rotation  and  its  moment  is  16  X  12  =  —192  ft. -lb. 
The  algebraic  sum  of  the  moments  of  the  given  forces  is  -|-  200  -|-  240 
—  192  =  +248  ft. -lb.;  therefore,  according  to  the  rule,  the  force  F" 
must  be  248  -=-  12  =  20|  lb.,  which,'  since  the  algebraic  sum  of  the 
given  moments  is  positive,  must  tend  to  produce  left-hand  rotation,  as 
shown  by  the  arrow.     Ans. 

10.  The  principles  involved  in  the  theory  of  moments 
are  among  the  most  simple  in  mechanics,  and,  at  the  same 
time,  of  the  greatest  practical  importance  in  the  solution  of 
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problems  relating  to   the  strength  of  beams,   girders,   and 
trusses. 

Example. — In  Fig.  7,  the  lower  tie-member  in  the  roof  truss  has  been 
raised  to  secure  a  vaulted  ceiling  effect  in  the  upper  story  of  the  build- 
ing that  the  truss  covers.  The  weight  transmitted  through  this  mem- 
ber to  the  pier  wall  is  30,000  pounds;  there  is,  consequently,  an  equal 
upward  force  due  to  the  reac- 
tion of  the  wall.  This  force  of 
30,000  pounds  tends  to  break 
the  truss  by  producing  rotation 
about  the  point  b.  What  is  its 
moment  around  the  point  bl 

Solution. —  Since  the  per- 
pendicular distance  from  the 
line  of  action  of  the  force  is 
3  ft.,  the  moment  of  the  force  a 
around  the  point  b  is  30,000  X  3 
=  90,000  ft. -lb.     Ans. 


THE   LEVER 
11.     A  lever  is  a  bar 

capable  of  being  turned 
about  a  pin,  pivot,  or  point, 
as  in  Figs.  8,  9,  and  10. 

The  object  IVtohe  lifted 
is  called  the  weight;  the 
force  P  used  is  called  the 
povrer;  and  the  point 
or  pivot  F  is  called  the 
fulcrum. 

That  part  of   the  lever 
between  the  weight  and  the 
fulcrum,   or  F  b,  is  called 
the  weight  arm,  and  the  part  between  the  power  and  the 
fulcrum,  or  Fc,  is  called  the  power  arm. 

Take  the  fulcrum,  or  point  F,  as  the  center  of  moments; 
then,  in  order  that  the  lever  shall  be  in  equilibrium,  the 
moment  of  P  about  F,  or  P  X  Fc,  must  equal  the  moment  of 
W  about  F,OT  IVX  Fb.     That  \s,PxFc=  WxFb,  or,  in 
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other  words,  the  power  multiplied  by  the  power  arm  equals 
the  weight  multiplied  by  the  weight  arm. 

If  F  be  taken  as  the  center  of  a  circle,  and  arcs  be 
described  through  b  and  c,  it  will  be  seen  that,  if  the  weight 
arm  is  moved  through  a  certain  angle,  the  power  arm  will 
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move  through  the  same  angle;  also,  that  the  vertical  distance 
that  W  moves  will  be  proportional  to  the  vertical  distance 
that  P  moves.  From  this  it  is  seen  that  the  power  arm  is 
proportional  to  the  distance  through  which  the  power  moves, 
and  4;he  weight  arm  is  proportional  to 
the  distance  through  which  the  weight 
moves. 

Hence,  instead  of  writing  P  X  -Fc 
=  Wx  Fb,  it  might  have  been  written 
P  X  distance  through  which  P  moves 
—  W  X  distance  through  which  W 
moves.  This  is  the  general  law  of  all  machines,  and  can 
be  applied  to  any  mechanism,  from  the  simple  lever  to  the 
most  complicated  arrangement.  Stated  in  the  form  of  a  rule, 
it  is  as  follows: 

Rule. — The  power  multiplied  by  the  distance  through  which 
it  moves  equals  the  weight  multiplied  by  the  distance  through 
which  it  moves. 

Example  1. — If  the  weight  arm  of  a  lever  is  6  inches  long  and  the 
power  arm  is  4  feet  long,  how  great  a  weight  can  be  raised  by  a  force 
of  20  pounds  at  the  end  of  the  power  arm? 

Solution.—    4  ft.  =48  in.     Hence,  20  X  48  =  JF  X  6,  or  fF=  1601b. 

Ans. 

Example  2. — (a)  What  is  the  ratio  between  the  power  and  the 
weight  in  the  last  example?  {b)  In  the  last  example,  if  P  moves  24 
inches,  how  far  does  W  move?  (c)  What  is  the  ratio  between  the 
two  distances? 
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Solution.— (a)  20  :  160  =  1  :  8;  that  is,  the  weight  moved  is  eight 
times  the  power. 

{b)    20  X  24  =  160  X  ^.   ^  =  f|^  =  3  in. ,  the  distance  that  W  moves. 

Ans. 
(c)     3  :  24  =  1  :  8,  or  the  ratio  is  1  :  8.    Ans. 
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The  law  that  gfoverns  the  straight  lever  also  governs 
the  bent  lever;  but  care  must  be  taken  to  determine  the 
true  length  of  the  lever  arm,  which  is  in  every  case  the 


Fig. 13 


Fig.  U 


perpendicular  distance  from  the  fulcrum  to -the  line  of  direc- 
tion of  the  weight  or  power. 

Thus,  in  Figs.  11,  12,  13,  and  14,  Fc  in  each  case  repre- 
sents the  power  arm,  and  Fb  the  weight  arm. 


EXAMPLES    FOR    PRACTICE 

1.  A  lever  arm  has  a  length  of  10  feet;  the  load  acting  on  the  end 
of  the  lever  is  6,000  pounds.  What  is  the  moment  of  this  load,  in 
inch-pounds?  Ans.  720,000 

2.  A  piece  of  timber  20  feet  long  is  balanced  at  a  point  8  feet  from 
one  end,  the  load  at  this  end  being  9,000  pounds.  What  is  the  load  at 
the  other  end?  Ans.  6,000  lb. 
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3.  The  one  support  of  a  beam  20  feet  long  is  8  feet  from  the  left- 
hand  end;  at  this  end  is  a  load  of  25  pounds;  at  the  right  of  the  sup- 
port, 3  feet  distant,  is  a  load  of  5  pounds;  and  at  7  feet  to  the  right  of 
the  support  is  a  load  of  10  pounds.  What  load  is  required,  and  at 
which  end  should  it  be  placed,  to  produce  balance,  or  equilibrium,  in 
the  beam?  Ans.  9.58  lb.  at  right-hand  end 

4.  A  steel  I  beam  that  extends  6  feet  outside  of  the  center  of  a 
building  wall,  and  3  feet  inside,  is  required  to  support  a  load  on  the 
outside  end  of  4,000  pounds.  What  load  on  the  inner  end  will  keep 
the  beam  from  tilting?  Ans.  8,000  lb. 


REACTIONS 

12.  Since  one  condition  of  equilibrium  requires  that  the 
sum  of  all  the  forces  acting  on  a  body  in  one  direction  must 
be  balanced  by  an  equal  set  of  forces  acting  in  the  opposite 
direction,  it  follows  that,  in  order  that  any  body  may  be 
kept  from  falling,  there  must  be  an  upward  pressure,  or 
thrust,  against  it,  just  equal  to  the  downward  pressure  due  to 
its  weight;  this  upward  thrust  is  called  a  reaction. 

In  accordance  with  this  principle,  it  is  evident  that  the 
simple  beam  shown  in   Fig.   15  is   supported  by  the  sum 


ji  >i 


^  Fig.  15  6 

of  the  upward  pressures  exerted  on  it  by  the  two  brick 
piers  on  which  it  rests;  also,  that  this  sum  is  equal  to  the 
weight  of  the  beam  plus  the  weight  of  any  load  it  may 
carry.  This  is  expressed  by  the  statement:  The  sum  of 
the  reactions  at  the  supports  of  any  beam  is  equal  to  the 
sum  of  the  loads. 

13.  Relation  Between  the  Reactions. — If  the  load  on 
a  simple  beam  is  either  uniformly  distributed  over  the  entire 
length  of  the  beam,  applied  at  the  center  of  the  span,  or 
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symmetrically  placed  on  each  side  of  the  center  of  the  span, 
the  reaction  at  each  support  is  equal  to  one-half  of  the  total 
load.     When,   however,    the   loads   are   not    symmetrically 


\=--^. 


Pig.  16 


placed,  the  reactions  are  unequal  and  must  be  determined 
before  the  first  step  toward  obtaining  the  strength  of  the 
beam  can  be  taken.     The  reactions  at  the  points  of  support 


:Fig.  17 


of  a  beam  carrying  a  number  of  loads  irregularly  placed,  are 
determined  by  applying  the  principle  of  moments,  as  shown 
in  the  following  illustrative  examples: 
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14.  Two  men,  a  and  b,  15  feet  apart,  carry  a  50-pound 
weight  between  them  on  a  plank,  as  shown  in  Fig.  16.  What 
part  of  the  load  does  each  man  carry? 

If  the  load  had  been  placed  midway  between  them,  it  is 
quite  evident  that  each  man  would  have  half  the  weight  of 
the  plank  and  load  to  support.  But,  since  the  load  is  moved 
until  within  5  feet  of  a,  he  must  support  a  greater  proportion 
of  the  load  than  b.  If  b  raises  his  end  of  the  plank,  as  shown 
in  dotted  lines,  it  is  evident  that  a  simply  acts  as  a  hinge 
while  b  raises  the  weight  wit"h  a  lever  arm  15  feet  long. 
The  weight  of  50  pounds  acts  down  with  a  leverage  of  5  feet; 
its  moment  about  a  as  a  center  is,  therefore,  50  X  5  =  250 


\       V 

y — 


"*  -  Fig.  18  -«» 

foot-pounds.  That  there  may  be  equilibrium  of  moments, 
it  is  evident  that  the  man  b  must  exert  an  upward  force 
whose  moment  with  a  lever  arm  of  15  feet  equals  250  foot- 
pounds; that  is,  he  must  exert  a  force  of  250  -f-  15  =  16l 
pounds  to  support  his  share  of  the  weight.  Since  the  sum 
of  the  reactions  must,  equal  the  sum  of  the  loads,  it  follows 
that  if  b  supports  16f  pounds,  a  must  support  the  difference 
between  the  load  of  50  pounds  and  16|  pounds,  or  SSi  pounds. 

15.  Fig.  17  shows  the  men  a  and  b  supporting  three  loads 
of  50, 40,  and  80  pounds,  respectively.  It  is  desired  to  estimate 
the  force  that  each  must  exert  to  sustain  the  weights,  leaving 
the  weight  of  the  plank  out  of  the  question.     Assuming  the 
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center  of  moments  to  be  at  a,  find  the  resultant  moment  of 
all  the  weights  about  this  point,  as  follows: 

50  X  3=150  foot-pounds 
40  X  8=320  foot-pounds 
80  X  12  =  9  6  0  foot-pounds 

Total,         14  3  0  foot-pounds 

This  is  the  moment  of  all  the  loads  on  the  beam  about  the 
point  a  as  a  center.  Hence,  the  force  that  b  must  exert,  in 
order  to  produce  equilibrium,  is  1,430  -f-  15  =  953  pounds. 
The  part  of  the  load  that  a  supports  is  the  difference  between 
the  total  load,  50  -|-  40  -j-  80  =  170  pounds,  and  the  part  of  the 
load  supported  by  b;  that  is,  170  —  95i  =  74f  pounds. 


f 


e 


-Z7ftT- 


-19  ft. 


-5ft-- 


\\ 


-30ft7 


Fig.  19 


16.  Take  a  more  practical  example.  In  Fig.  18,  let  it 
be  required  to  find  the  reactions  7?,  and  R,.  (In  all  the  sub- 
joined problems,  i?,  and  R,  represent  the  reactions.)  The 
center  of  moments  may  be  taken  at  either  R^  or  R,.  Taking 
R^  as  the  center  in  this  case,  construct  a  diagram  as  in 
Fig.  19.  The  three  loads  are  forces  acting  in  a  downward 
direction;  the  sum  of  their  moments,  with  respect  to  the 
assumed  center,  may  be  computed  as  follows: 

8,000  X  5=  40000  foot-pounds 
6,000  X  19  =  114000  foot-pounds 
2,000  X  27  =     5  4  0  00  foot-pounds 

Total,         2  0  8  00  0  foot-pounds 
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The  magnitude  of  the  reaction  i?,  acting  in  an  upward 
direction  with  a  lever  arm  of  30  feet  is  therefore  208,000  -=- 
30  =  6,933i  pounds.  The  sum  of  all  the  loads  is  2,000  +  6,000 
+  8,000  =  16,000  pounds.  Then,  16,000  -  6,933i  =  9,066f 
pounds,  the  reaction  at  R,. 


Fig.  20 

Example  1. — What  is  the  reaction  at  R,  in  Pig.  20? 

Solution. — In  computing  the  moment  due  to  a  uniform  or  evenly 
distributed  load,  as  at  a,  the  lever  arm  is  always  considered  as  the  dis- 
tance from  the  center  of  moments  to  the  center  of  gravity  of  the  load. 
The  amount  of  the  uniform  load  a  is  3,000  X  10  =  30,000  lb.,  and  the 
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Fig.  21 


distance  of  its  center  of  gravity  from  R^.is  13  ft.     The  moments  of  the 
loads  on  this  beam  may  then  be  seen  from  the  following: 

30,000  X  13  =  3  90000  ft. -lb. 
4,000  X  4  =  16000  ft. -lb. 
9,000  X20  =  180000  ft.-lb. 


Total,         586000  ft.-lb. 

This  is  the  sum  of  the  moments  of  all  the  loads  about  A",  as  a 
center.  The  leverage  of  the  reaction  R,  is  30  ft.  Hence,  586,000  -4-  30 
=  19,533i  lb.,  the  reaction  at  J?,.    Ans. 

Example  2. — A  beam  is  loaded  as  shown  in  Fig.  21.  What  is  the 
amount  of  each  of  the  reactions  .^i  and  .^a? 
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Solution. — Considering  J?y  as  the  center  of  moments,  the  moments 
of  the  loads  about  it  are: 

20,000  X    3  =     6 0  000  ft. -lb. 

2,000  X18=     36000  ft. -lb. 

3,000X22=     6  6  000  ft. -lb. 

5,000  X  36  =  180000  ft. -lb. 

1,000  X6x  33  =  198000  ft. -lb. 

Total,  540000  ft. -lb. 

This,  divided  by  30,  the  length  of  the  lever  arm  of  the  reaction 
/?,,  equals  18,000  lb.,  the  reaction  at  J?,.  The  sum  of  the  loads  is 
20,000  -I-  2,000  +  3,000  -f  5,000  -|-  6,000  =  36,000  lb.;  and  36,000 
-  18,000  =  18,000  lb.,  the  amount  of  the  other  reaction,  or  i?i.     Ans. 
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Fig.  22 

Example  3. — Compute  the  reactions  at  the  supports  R^  and  J?,  in  a 
beam  loaded  as  shown  in  Fig.  22. 

Solution. — Letting  j?i  represent  the  center  of  moments,  the 
moments  of  the  loads  are: 

5,000  X  10  =        5  0000  ft. -lb. 

10,000X20=     200000  ft. -lb. 

30,000  X  40  =  1  2  0  0  0  0  0  ft. -lb. 

Total ,  14500 0  0  ft . -lb . 

Now,  1,450,000  ^  30,  the  distance  between  the  supports,  equals 
48,333i  lb.,  the  required  reaction  at  J?^.  The  sum  of  the  loads  is  5,000 
-1-10,000-1-30,000  =  45,000  lb.;  therefore,  the  reaction j^^  is  greater 
than  the  sum  of  the  loads.  This  shows  that  the  force  at  7?^  must  act 
in  a  downward  direction  in  order  that  the  sum  of  the  downward  forces 
may  equal  the  upward  force  at  j?^.  Since  this  is  opposite  to  the  usual 
direction,  the  reaction  at  7?,  is  called  negative  or  minus.  In  other  words, 
instead  of  an  upward  reaction  at  j?,,  there  must  be  a  downward  force 
at  this  point,  or  the  beam  will,  as  shown  by  the  dotted  lines,  rotate 
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around  the  support  j*?,.  The  magnitude  of  this  downward  force  is  the 
difference  between  the  upward  reaction  at  R,  and  the  sum  of  the  down- 
ward pressures  due  to  the  loads;  that  is,  48,3331-45,000  =  3,333ilb. 
Compute  the  reaction  at  7?i  by  taking  the  center  of  moments  at  R, 
and  applying  the  rule  in  Art.  9  to  find  the  magnitude  and  direction 
of  action  of  the  force  at  R^  whose  moment  is  the  resultant  of  the 
moments  of  the  loads  on  the  beam.  The  load  of  30,000  lb.  tends  to 
produce  right-hand  rotation  around  the  center  Ri\  hence,  its  moment, 
30,000  X  10  =  300,000  ft. -lb.,  is  positive.  The  10,000-lb.  load  is  10  ft. 
to  the  left  of  R,  and  its  tendency  is  to  produce  left-hand  rotation 
about  R,\  consequently,  its  .  moment  is  negative  and  equal  to 
10,000  X  10  =  100,000  ft. -lb.  In  a  similar  manner,  the  moment  of  the 
5,000-lb.  load  is  found  to  be  negative  and  equal  to  5,000  X  20  =  100,000 
ft. -lb.     These  results  may  be  collected  thus: 

Positive  moment: 

30,000X10=  -1-3  0  0000  ft.4b. 

Negative  moments: 

10,000  X  10  =  -  1 0  0  0  0  0  ft. -lb. 
5,000  X  20  =  -  100000  ft. -lb. 

-  200000  ft.-lb. 
Difference,  -f  10  0000  ft.-lb. 
the  resultant  of  the  moments  of  the  three  loads.  Since  the  positive 
moment  is  greater  than  the  sum  of  the  negative  moments,  the  force  at 
Ri  must  tend  to  produce  left-hand  rotation;  that  is,  it  must  act  down- 
wards; its  lever  arm  being  30  ft.  long,  its  magnitude  must  be  100,000 
-^  30  =  3,333J  lb.,  the  same  result  as  was  obtained  before. 


EXAMPLES    FOR    PRACTICE 

1.  The  span  of  a  simple  beam  is  25  feet;  at  distances  of  9  feet, 
16  feet,  and  18  feet  from  the  left-hand  end  are  placed  concentrated 
loads  of  8,000,  4,000,  and  16,000  pounds,  respectively.  What  is  the 
amount  of  the  left  reaction?  Ans.  11,040  lb. 

2.  The  two  reactions  supporting  a  beam  are  2,500  and  3,000  pounds; 
what  is  the  amount  of  a  single  concentrated  load  necessary  to  produce 
these  reactions?  Ans.  5,500  lb. 

3.  A  30-foot  beam  overhangs  the  right-hand  support  6  feet;  on  this 
end  is  a  weight  of  6,000  pounds;  10  feet,  12  feet,  and  18  feet  from  the 
left-hand  support  are  loads  of  8,000,  6,200,  and  7,800  pounds,  respect- 
ively.   Whatis  the  amount  of  the  right-hand  reaction?    Ans.  19,783ilb. 

4.  If  for  a  distance  of  10  feet  from  the  left-hand  end  of  a  beam 
there  is  distributed  a  load  of  1,000  pounds  per  running  foot,  and  at  the 
center  of  the  beam  is  located  the  concentrated  load  of  16,500  pounds, 
what  is  the  amount  of  the  left-hand  reaction,  provided  that  the  beam 
is  supported  at  both  ends  an^d  is  30  feet  long?  Ans.  16,583i  lb. 
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STRESSES  IN  BEAMS 

17.  It  has  been  seen  that  a  "beam  is  a  body  acted  on  by 
various  external  forces  so  related  as  to  be  in  a  condition  of 
equilibrium;  so  far,  however,  the  effect  of  these  forces  on 
the  beam  itself  has  not  been  considered. 

In  a  body  subjected  to  a  direct  pull  or  thrust,  as  a  rope 
or  a  column,  the  external  forces  are  directly  opposed  to 
each  other,  and  the  resultant  stresses  in  all  sections  are  of 
the  same  kind,  tension,  or  compression.  In  a 
beam,  however,  the  external  forces,  while  they  -7^; 
generally  act  in  parallel  lines,  are  not  directly  ii|r][ 
opposed  to  each  other,  and  it  is  the  function  of  T5'_ 
the  beam  to  transfer  these  forces  from  one  line  'iLG.| 
of  action  to  another.  Take,  for  example,  the 
case  of  a  weight  suspended  from  a  pin  driven 
in  a  wall,  as  shown  in  Fig.  23.  The  downward 
force  of  20  pounds  due  to  the  action  of  the 
weight  is  balanced  by  the  upward  pressure,  or 
reaction,  of  the  pin  on  the  rope;  the  rope  is 
thus  subjected  to  the  action  of  two  directly 
opposing  forces,  the  result  being  a  tensile  stress 
that  is  the  same  for  each  section  of  the  rope 
between  the  weight  and  the  pin.  The  pin  acts 
as  a  cantilever  beam  that  transfers  the  down- 
ward pressure,  due  to  the  pull  of  the  rope, 
horizontally  to  the  wall,  where  it  is  balanced  by  an  equal 
upward  pressure,  or  reaction.  The  pin  is  thus  subjected  to  two 
opposing  forces  that,  however,  act  in  different  lines;  these 
forces  produce  a  set  of  opposing  forces,  or  stresses,  in  the 
pin  itself,  which  are  different  in  kind  for  different  parts  of  the 
pin,  and  vary  in  magnitude  for  each  section  between  the  rope 
and  the  wall.  

SHEAR 

18.  An  inspection  of  Fig.  23  shows  that  if  a  vertical 
plane  is  passed  through  any  point  between  the  rope  and  wall, 
the  part  of  the  pin  between  this  plane  and  the  rope  will  be 
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acted  on  by  a  downward  force,  due  to  the  pull  of  the  rope, 
while  the  other  part  is  subjected  to  an  equal  upward  force 
due  to  the  reaction  of  the  wall;  the  action  of  these  two  forces 
tends  to  slide  the  two  parts  of  the  pin  past  each  other,  along 
the  section  formed  by  the  cutting  plane.  The  pin  is  thus 
subjected  to  a  stress  which,  from  its  similarity  to  a  shearing 
action,  is  called  shear. 


R 


(a) 


^ 


(h) 


19.  Shear  in  a  Simple  Beam. — By  observation  of 
Fig.  24  (a),  which  shows  a  simple  beam  having  a  concen- 
trated load  at  the  center,   the  only  apparent  stress  in  the 

beam  is  that  of  bending. 
However,  if  the  fibers  of 
the  beam  were  not  con- 
tinuous, and  instead  of 
being  one  piece  it  were 
composed  of  short  blocis, 
the  tendency  would  be  for 
the  blocks  to  slip  past  each 
other,  as  shown  at  (.b). 
This  tendency  would  exist 
in  the  entire  beam,  produc- 
ing vertical  shear,  which 
must  be  considered  in  cal- 
culating its  strength.  If 
the  beam  were  laminated, 
the  effect  would  be  as 
shown  at  (c);  that  is,  one 
layer  would  slide  on  the 
next  one  as  the  beam  deflects.  In  a  solid  beam  there  is 
the  same  tendency  to  shear  the  beam  longitudinally  and  this 
horizontal  shear  is  equal  to  the  vertical  shear. 

Consider  now  the  simple  beam  shown  in  Fig.  25.  Since 
the  loads  are  symmetrically  applied,  each  reaction  is  equal 
to  40  pounds,  one-half  of  the  total  load  on  the  beam.  Begin- 
ning at  the  left  reaction  R^,  there  is  an  upward  force  of 
40  pounds  acting  on  the  beam;  since  the  forces  are  in  equilib- 
rium, this  upward  force  is  balanced  by  an  equal  downward 
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force,  which  is  the  vertical  resultant  of  the  loads  and  the 
reaction  R^.  Considering,  therefore,  any  section  of  the  beam 
between  R^  and  the  point  of  application  of  the  load  n,  it  is 
seen  that  the  part  of  the  beam  at  the  left  of  this  section  is 
subjected  to  an  upward  thrust  of  40  pounds,  while  the  part  at 
the  right  is  subjected  to  an  equal  downward  thrust;  the  result 
is  a  shearing  stress  on  this  section,  whose  magnitude  is 
equal  to  the  reaction  i?,. 

When  the  point  of  application  of  n  is  reached,  the  effect  of 
the  upward  force  R^  is  partly  balanced  by  the  downward  force 
of  10  pounds  due  to  the  load  n;  considering,  therefore,  any 
section  of  the  beam  a  b  between  the  points  of  application  of 
the  loads  n  and  »«,  it  is  seen  that  the  part  of  the  beam  at  the 
left  is  acted  on  by  the  vertical  resultant  of  the  reaction  i?,  and 
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the  load  n;  that  is,  by  an  upward  force  of  40  —  10  =  30  pounds, 
while  the  part  at  the  right  is  acted  on  by  an  equal  downward 
force,  which  is  the  vertical  resultant  of  the  remaining  loads 
and  the  reaction  R,.  Any  section  between  the  points  of 
application  of  n  and  m  is  therefore  subject  to  a  shearing 
stress  equal  to  the  difference  between  the  reaction  R^  and  the 
load  n;  that  is,  to  40  —  10  =  30  pounds.  In  the  same  way, 
it  follows  that  the  shearing  stress  for  any  section  between 
m  and  o  is  40  —  (10  +  15)  =  15  pounds.  For  any  section  c  d 
between  the  points  of  application  of  o  and  p,  the  shearing 
stress  is  40  —  (10  +  15  + 15)  =  0;  in  other  words,  on  each 
side  of  this  section  the  downward  forces  and  the  reactions 
are  equal,  and  their  resultant  is  zero;  it  is,  therefore,  a  section 
in  which  there  is  no  shear. 
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For  convenience,  it  is  customary  to  call  the  reactions,  or 
forces,  acting  in  an  upward  direction,  positive,  and  the  loads, 
or  downward  forces,  negative;  since  the  difference  between 
the  sums  of  the  positive  and  negative  numbers  representing 
a  given  set  of  values  is  called  their  algebraic  sum,  it  follows 
that  the  shear  tor  any  section  at  a  beam  is  equal  to  the  algebraic 
sum  of  either  reaction  and  the  loads  between  this  reaction  and 
the  given  section. 

In  nearly  all  cases  the  external  forces — loads  and  reactions — 
act  on  a  beam  along  vertical  lines;  the  shearing  stress  just 
considered  is  called  the  vertical  shear,  because  it  is  the 
resultant  of  these  forces  along  a  section  formed  by  an 
imaginary  vertical  cutting  plane. 

20.  Maximum  Shear. — From  what  has  been  said,  it  is 
evident  that  the  shear  in  any  simple  beam  is  always  greatest 
between  the  reactions  and  the  nearest  loads,  and  that  in  any 
case  the  maximum  shear  is  equal  to  the  greater  reaction. 
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Fig.  26 

21.  Positive  and  Negative  Shear. — If  a  section  of  the 
beam  near  the  left  reaction  is  taken  and  the*  forces  acting  on 
the  part  of  the  beam  at  the  left  are  considered,  it  is  seen  that 
their  resultant  is  positive;  the  shear  at  this  section  is  there- 
fore called  positive  shear.  If,  however,  a  section  near 
the  right  reaction  is  taken,  the  resultant  of  the  forces  at  the 
left  is  found  to  be  negative,  and  in  consequence  the  shear  is 
called  negative.  It  is  also  evident  that  there  is  a  section 
between  the  two,  where  the  resultant  of  the  forces  changes 
from  positive  to  negative;  at  such  a  section  the  shear  is  said 
to  change  sign. 
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Example  1.— (a)  What  is  the  maximum  shear  on  the  beam  shown  in 
Fig.  26?  («)  What  is  the  shear  at  a  point  9  feet  from  the  right  support? 
(c)  What  is  the  shear  at  a  point  18  feet  from  the  right  support? 

Solution.— (a)  First  estimate  the  reactions  as  follows:  Taking  the 
center  of  moments  at  the  left  support,  the  moments  of  the  loads  are: 

2,000  X    3  =        6000  ft. -lb. 

6,000  X  11  =     6  6  000  ft. -lb. 

8,000  X  25  =  20000 0  ft. -lb. 

Total,       2  7  2  0  O'O  ft.-lb. 

272,000  -^  30  =  9,066#  lb.,  the  reaction  at  /?,.  The  sum  of  the  loads 
equals  2,000  -|-  6,000  -|-  8,000  =  16,000  lb.;  16,000  -  9,066|  =  6,933ilb., 
the  reaction  at  y?,.     The  maximum  shear  is  therefore  9,066|  lb.    Ans. 
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Fig.  27 


{b)  As  the  reaction  R^  at  the  right  support  is  equal  to  9,066J  lb.,  and 
as  there  is  only  the  one  load  c  of  8,000  lb.,  between  R^  and  a  point  9  ft. 
away,  the  shear  at  this  point  must  equal  9,066|  -  8,000  =  1,066|  lb. 

Ans. 

(f)  The  shear  at  18  ft.  from  the  reaction  7?,  is  also  l,066f  lb.,  because 
there  is  no  other  weight  occurring  between  this  point  and  R,. 

Example  2. — At  what  point  in  the  beam  loaded  as  shown  in  Pig.  27 
does  the  shear  change  sign? 

Solution. — Compute  the  reaction  R^  as  follows:  With  the  center  of 
moments  at  R;,  the  moments  of  the  loads  are: 

9,000X10=     9  0000  ft.-lb. 

4,000X26  =  104000  ft.-lb. 

3,000  X  10  X  17  =  510000  ft.-lb. 

Total,        704  000  ft.-lb. 

704,000 -^  30  =23,4661  lb.,  the  reaction  at  R,.  The  first  load  that 
occurs,  working  out  on  the  beam  from  R^,  is  c  of  4,000  lb.  Then, 
23,466f  —  4,000  =  19,466|  lb.  The  next  load  that  occurs  on  the  beam  is 
the  uniform  load  of  3,000  lb.,  per  running  ft.     There  being  altogether 
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30,000  lb.  in  this  load,  it  is  evident  that  it  will  more  than  absorb  the 
remaining  amount  of  the  reaction  j?,;  the  point  where  the  change  of 
sign  occurs  must  consequently  be  somewhere  in  that  part  of  the  beam 
covered  by  the  uniform  load.  The  load  being  3,000  lb.  per  running 
ft.,  if  the  remaining  part  of  the  reaction,  19,466f  lb.,  be  divided  by  the 
3,000  lb.,  the  result  will  be  the  number  of  feet  of  the  uniform  load 
required  to  absorb  the  remaining  part  of  the  reaction,  and  this  will 
give  the  distance  of  the  section,  beyond  which  the  resultant  of  the  forces 
at  the  left  becomes  negative,  from  the  edge  of  the  uniform  load  at  a; 
thus,  19,4661  ^-  3,000  =  6.48  ft.  The  distance  from  7?.  to  the  edge  of 
the  uniform  load  is  8  ft.  The  entire  distance  to  the  section  of  change 
of  sign  of  the  shear  is  therefore  8  +  6.48  =  14.48  ft.  from  R^.    Ans. 
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EXAMPLES    FOE    PRACTICE 

1.     The  uniformly  distributed  load  on  a  beam  supported  at  both 
ends  is  40,000  pounds;  what  is  the  maximum  shear  on  the  beam? 

Ans.  20,000  lb. 

2.  A  beam  supported  at 
both  ends  has  three  concen- 
trated loads:  A  of  2,000 pounds, 
B  of  6,000  pounds,  and  C  of 
8,000  pounds,  located  10  feet, 
12  feet,  and  18  feet,  respect- 
ively, from  the  left-hand  end 
of  the  beam,  the  span  of  which 
is  40  feet;  what  is  the  shear 
between  the  loads  C  and  Bl 

Ans.  2,100  lb. 

3.  The  span  of  a  beam  is 
20  feet,  and  there  is  a  uniformly 
distributed  load  on  three- 
quarters  of  this  distance  from 
the  left-hand  support,  of  9,000 
pounds;  at  distances  of  8  feet 
and  12  feet  from  the  right-hand 

'  support  are  located  concen- 

^"^■^  trated   loads  of   5,000   pounds 

and  6,000  pounds,  respectively.    At  what  distance  from  the  left-hand 

end  of  the  beam  does  the  shear  change  sign?  Ans.  8  ft.  8i  in. 


22.  The  shear  on  a  beam  may  be  represented  graphically 
as  shown  in  Fig.  28,  in  which  the  shaded  portion  designates 
the  amount  of  the  shear  along  the  beam.     The  portion  above 
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the  horizontal  line  represents  the  positive  shear,  while  the 
negative  shear  is  indicated  by  the  portion  below  the  line;  (a) 
shows  the  shear  on  a  simple  beam  loaded  at  the  center;  the 
shear  is  uniform  at  all  points  except  directly  under  the  load, 
where  it  is  zero.  The  shear  on  a  beam  uniformly  loaded  is 
illustrated  at  (d);  in  this  case  the  shear  is  maximum  at  the 
supports  and  decreases  gradually  until  it  becomes  zero  at  the 
center.  The  shear  on  a  beam  having  concentrated  loads  may 
be  represented  as  shown  at  (c) .  These  diagrams  are  simply 
representations  of  the  results  obtained  by  analysis,  but  a 
method  of  obtaining  the  amount  of  shear  graphically  will  be 
given  later. 

BENDING    STRESSES 

23.  Bending  Moment. — If,  in  a  cantilever  loaded  as  in 
Fig.  29,  any  point  x  on  the  center  line  ad  is  taken  as  a 
center  of  moments,  and  a  section  made  by  a  vertical  plane 
cd  through  this  center  is  considered,  it  is  evident  that  the 
moment  of  the  force  due  to  the  downward  thrust  of  the 
load  tends  to  turn  the  end  of  the  beam  to  the  right  of  c  d, 
around  the  center  x;  the  measure  of  this  tendency  is  the 
product  of  the  weight  W  and  its  distance  from  cd;  and, 
since  it  is  the  moment  of  a  force  that  tends  to  bend  the 
beam,  it  is  called  the  bending  moment. 

24.  Resisting  Moment. — An  inspection  of  Fig.  29 
shows  that  if  the  end  of  the  beam  turns  around  the  center  x 
until  it  takes  the  position  shown  by  the  dotted  lines,  the 
parts  of  the  two  surfaces  formed  by  the  cutting  plane  c  d  that 
are  above  the  center  x  must  be  pulled  from  each  other,  while 
those  below  are  pushed  closer  together.  Thus,  it  is  seen 
that  if  a  vertical  section  is  considered  through  any  point  on 
the  center  line  a  b  between  thfe  load  and  the  point  of  support, 
the  tendency  of  the  load  is  to  separate  the  particles  in  this 
section  above  the  center  line,  and  to  push  those  below 
the  center  line  closer  together;  in  other  words,  through  the 
bending  action  of  the  load,  the  upper  part  of  the  beam  is 
subjected  to  a  tensile  stress,  while  the  lower  part  is  subjected 
to  a  compressive  stress. 


24  BEAMS  AND  GIRDERS  §12 

Fig.  29  also  shows  that  the  greater  the  distance  of  the 
particles  in  the  assumed  section  above  or  below  the  center  x, 
the  greater  will  be  their  displacement;  since  the  stress  in  a 
loaded  body  is  directly  proportional  to  the  strain,  or  relative 
displacement,  of  the  particles,  it  follows  that  the  stress  in  a 
particle  of  any  section  is  proportional  to  its  distance  from 
the  center  line,  and  that  the  greatest  stress  is  in  the  particles 
composing  the  upper  and  lower  surfaces  of  the  beam. 

In  accordance  with  the  conditions  of  equilibrium,  the 
algebraic  sum  of  the  moments  of  all  the  forces  tending  to 
produce  rotation  around  a  given  center  must  be  zero;  it  is 
evident  that  the  weight  of  the  load  is  a  force  that  tends  to 
produce  right-hand  rotation  around  the  center  x;  therefore,  if 
the  beam  does  not  break  under  the  action  of  the  load,  there 

must  be  forces  acting 
whose  moments,  with 
respect  to  the  cen- 
ter X,  balance  the 
moment  of  the  load. 
These  forces  are 
the  resistances  with 
which  the  particles 
P'°-29  of  the  beam  oppose 

any  effort  to  change  their  relative  positions.  The  tensile 
stresses  in  the  particles  above  the  center  x  and  the  com- 
pressive stresses  in  those  below  it,  are  a  set  of  forces 
that  resist  the  tendency  of  the  load  to  turn  the  end  of 
the  beam,  and,  when  the  eflect  of  the  load  is  just  balanced 
by  the  effect  of  these  forces,  it  is  evident  that  the  stim 
of  the  moments  of  these  resisting  stresses  is  equal  to  the 
moment  of  the  load.  The  sum  of  the  moments  of  the 
stresses  of  all  the  particles  composing  any  section  of  a 
beam  is  called  ihe  resisting  inoin<;nt,  or  moment  of 
resistance,  of  that  section. 

25.  The  relations  between  the  effect  of  a  load  and 
the  resulting  stresses  in  a  beam  have  been  thoroughly 
proved,  both  by  mathematical  investigations  and  numerous 


i 

5 

/ 
t 

X 

1 

i 

! 
c 

\ 

-'^i 

§12  BEAMS  AND  GIRDERS  25 

experiments.     The  results  of  these  experiments  on  beams 
may  be  briefly  expressed  by  the  following: 

Experimental  Law. —  When  a  beam  is  bent,  the  horizontal 
elongation  or  compression  of  any  fiber  is  directly  proportional  to 
its  distance  from  the  neutral  surface,  and,  since  the  strains  are 
directly  proportional  to  the  horizontal  stresses  in  each  fiber,  they 
are  also  directly  proportional  to  their  distances  from  the  tietdral 
surface,  provided  the  elastic  limit  is  not  exceeded. 

26.  Bending  Moments  in  Simple  Beams. — Referring 
to  the  simple  beam  shown  in  Fig.  26,  take  the  center  of 
moments  on  the  neutral  axis  directly  under  the  load  a,  and 
consider  the  effect  produced  on  a  vertical  section  of  the  beam 
through  this  center,  by  the  reaction  R,.  It  was  shown  in  Art. 
21,  that  the  reaction  R^  is  an  upward  force  of  6,9333  pounds; 
it  therefore  has  a  tendency  to  turn  the  end  of  the  beam  upwards 
around  the  assvimed  center  with  a  moment  of  6,9333  X  3 
=  20,800  foot-pounds.  It  is  evident  that,  to  prevent  this  turn- 
ing from  actually  taking  place,  the  positive  moment  of  the 
reaction  mtist  be  balanced  by  a  negative  moment  that  can  be 
produced  only  by  a  set  of  internal  stresses.  The  condition 
that  the  moment  of  the  stresses  must  be  negative  makes  it 
plain  that  the  upper  fibers  must  be  in  compression  and  the 
lower  in  tension,  a  result  exactly  opposite  to  the  effect  pro- 
duced by  the  bending  moment  on  the  fibers  in  the  cantilever. 

27.  Effect  of  tlie  Moments  Due  to  Loads. — The  only 
force  acting  on  the  beam  at  the  left  of  the  section  considered 
in  the  last  article  was  the  reaction  R,.  The  load  a  acted 
downwards  directly  through  this  section,  but  its  lever  arm, 
and  consequently  its  moment,  with  respect  to  the  assumed 
center,  was  zero.  Take  now  a  point  on  the  center  line  of  the 
beam  directly  under  the  positive  load  b.  The  reaction  has  a 
moment,  with  respect  to  this  center,  of  6,933i  X  11  =  76,266| 
foot-pounds,  while  the  load  a,  which  acts  downwards  with  a 
lever  arm  of  8  feet,  has  a  negative  moment  of  2,000  X  8 
=  16,000  foot-pounds.  The  bending  moment  at  the  assumed 
section  is  the  algebraic  sum  of  these  moments,  that  is, 
76,2661  -  16,000  =  60,2661  foot-pounds.     Again,  taking  the 
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center  of  moments  on  a  section  9  feet  from  the  right  reac- 
tion R„  the  moments  are  as  follows: 

Positive  moment: 

Reaction  ^.,  6,933i  X21=  145600  ft.-lb. 

Negative  moments: 

Load  «,  2,000  X  18  =  36,000  ft.-lb. 

Load  b,  6,000  X  10  =  60,000  ft.-lb.       9  6  000  ft.-lb. 

Difference,        49  600  ft.-lb. 

This  resultant  moment  is  the  bending  moment  at  the 
given  section. 

28.  The  illustrations  show  that  the  bending  moment 
varies  from  point  to  point  in  a  beam,  and  depends  on  the 
length  of  the  beam,  and  on  the  size  as  well  as  position  of  the 
loads.  Since  the  stresses  in  the  beam,  and  consequently  its 
ability  to  carry  its  loads,  depend  directly  on  the  bending 
moment,  it  follows  that  it  is  important  to  find  not  only  the 
bending  moment-  for  any  assumed  section  but  also  the 
section  where  the  bending  moment  is  greatest.  It  is,  in  this 
connection,  useful  to  note  the  relation  between  the  bending 
moment  and  the  shear. 

29.  The  shear  in  a  simple  beam  is  always  greatest  at  the 
greater  reaction,  being  equal  to  that  reaction.  In  passing 
along  the  beam  from  either  reaction,  there  is  no  change  in 
the  shear  until  a  load  is  reached;  at  each  point  where  a  load 
is  added,  the  shear  is  diminished  by  an  amount  equal  to  the 
load.  At  the  point  where  the  sum  of  the  added  loads  equals 
or  exceeds  the  reaction,  the  shear  is  said  to  change  sign. 
The  section  where  the  change  in  sign  in  the  shear  takes 
place,  depends  on  the  method  of  loading.  With  a  uniformly 
distributed  load,  the  shear  diminishes  uniformly  from  each 
reaction,  and  the  section  where  the  sign  changes  is  the 
section  of  the  beam  midway  between  the  supports.  With  a 
single  concentrated  load,  the  shear  is  equal  to  each  reaction 
at  all  sections  between  that  reaction  and  the  point  where  the 
load  is  applied,  and  the  section  where  the  shear  changes  sign 
is  directly  under  the  load.     With  any  system  of  loading,  the 
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section  where  the  shear  changfes  sign  can  be  found  by 
adding  the  successive  loads  from  either  reaction  toward  the 
center  of  the  beam,  until  a  sum  is  obtained  that  equals  or 
exceeds  the  reaction;  the  section  where  the  shear  changes 
sign  is  under  the  point  of  application  of  the  last  load  added. 

30.  The  bending  moment  in  a  simple  beam  increases  as  the 
shear  decreases;  it  is  zero  at  either  reaction  and  increases 
toward  the  center,  becoming  greatest  at  the  section  where 
the  shear  changes  sign.  With  a  uniformly  distributed  load, 
the  greatest  bending  moment  is  at  the  section  of  the  beam 
midway  between  the  supports;    with  a  single  concentrated 


Fig.  30 

load,  the  greatest  bending  moment  is  directly  under  the  load; 
and  with  any  system  of  loading,  the  greatest  bending 
moment  occurs  at  the  section  where  the  shear  changes  sign. 
Having  located  the  section  of  greatest  bending  moment,  the 
magnitude  of  this  moment  can  be  readily  computed,  by  taking 
the  center  of  moments,  on  the  section  of  greatest  bending 
moment  and  computing  the  resultant  moment  of  either 
reaction  and  all  the  loads  between  it  and  the  center  in 
question. 

ExAMPLK. — ^A  wooden  beam,  supported  on  two  brick  piers,  is  loaded 
as  shown  in  Fig.  30:  (a)  What  is  the  greatest  shear?  (b)  Where 
does  the  shear  change  sign?  (c)  What  is  the  greatest  bending 
moment,  in  inch-pounds? 
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Solution.  —  (a)  Since  the  greatest  shear  is  equal  to  the  greater 
reaction,  the  reactions  will  first  be  computed.  Take  the  center  of 
moments  at  the  edge  of  pier  a,  and  as  the  moment  of  the  uniform  load 
is  the  same  as  the  moment  of  an  equal  concentrated  load  acting  at  the 
center  of  gravity  of  the  unifoi;ra  load,  the  moments  of  the  loads  are: 

10,000-lb.  load          ...       .  10,000  X    6    =     60000  ft.-lb. 

Load  or     .    .              6,000X13    =     7  8  000  ft.-lb. 

Load  ^         -4,000X16    =     64000  ft.-lb. 

Uniformly  distributed  load  .  12,500  Xl2i  =  156250  ft.-lb. 

Total,        35  8  250  ft.-lb. 

This  also  equals  the  moment  of  the  reaction  of  the  pier  d.  The 
reaction  at  6  is  therefore  358,250  -^  25  =  14,330  lb.  The  total  load  is 
10,000  +  6,000  +  4,000  +  12,500  =  32,500  lb.;  the  reaction  at  a  is 
therefore  32,500  -  14,330  =  18,170  lb.  This,  being  the  greater  reaction, 
is  the  greatest  shear.    Ans. 

(d)  Beginning  at  the  left  reaction  and  adding  the  loads  in  suc- 
cession toward  the  right,  the  load  of  10,000  lb.,  plus  the  uniformly 
distributed  load  between  the  reaction  and  the  point  of  application 
of  the  load  d,  is  10,000  +  500  X  13  =  16,500  lb.  This  is  less  than 
the  left  reaction,  but,  when  the  load  d  is  added,  the  sum  of  the  loads 
is  greater  than  the  reaction;  consequently,  the  shear  changes  sign 
under  the  load  d.    Ans. 

(c)  Taking  the  center  of  moments  under  the  load  d,  and  consider- 
ing the  forces  at  the  left,  the  moments  are: 

Positive  moment: 

.18,170X13=  23  6210  ft.-lb. 

Negative  moments: 

6,500  X  6i  =  4  2250  ft.-lb. 
10,000  X  7    =  7  0  000  ft.-lb. 

112250  ft.  lb. 


Difference  (bending  moment  in  ft.-lb.),      123960  ft.-lb., 

The  bending  moment,  in  inch-pounds,  is  therefore  123,960  X  12 
=  1,487,520  in. -lb.    Ans. 

31.  Formulas  for  Maximum  Bending  Moments 
and  Safe  Loads. — The  following  table  gives  formulas  for 
obtaining  the  maximum  safe  loads  that  may  be  supported  by 
beams  under  different  conditions  and  the  maximum  bending 
moments  produced  by  these  loads.  In  these  formulas,  Wis 
the  weight,  in  pounds;  S,  the  section  modulus;  Sa,  the  safe 
unit  fiber  stress;  and  /,  the  span  in  inches. 
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In  Case  XVI,  the  greatest  load  can  be  supported  and  con- 
sequently the  least  bending  moment  occurs  when  the  dis- 
tance X  is  .207  /,  and  the  formulas  given  apply  only  to  this 
condition.     The  bending  moment  for  any    point  is   found 

Xa/  c  I  c  x\ 

by  the  formula  M  = ( 1  H —  I ,  in  which  the  value  c  is 

2    \/  cj 

the  distance  of  the  point  at  which  the  amount  of  the  bending 
moment  desired  is  located  from  the  left-hand  end  of  the  beam. 
When  the  end  of  a  beam  extends  into  the  wall  it  is  consid- 
ered as  being  fixed,  if  the  masonry  is  built  around  it  tightly; 
while  if  the  end  rests  o-n  a  wall  or  other  support  it  is  con- 
sidered as  being  simply  supported.  When  the  load  is  repre- 
sented by  cross-sectioning,  it  denotes  that  it  is  a  distributed 
load;  the  round  weight  represents  a  concentrated  load. 
A  load  such  as  shown  in  Cases  III  and  X  is  sometimes 
encountered,  for  instance,  in  a  case  where  a  beam  is  required 
to  support  the  side  walls  or  curbing  of  a  stairway.  A  tri- 
angular load,  as  shown  in  Case  IX,  is  considered  when  the 
beam  is  to  support  a  solid  brick  wall. 

32.  The  rule  given  in  Case  VII  is  that  most  used,  as  it 
applies  to  a  beam  uniformly  loaded,  such  as  floor  joists, 
girders,  and,  in  some  cases,  the  rafters  of  a  roof.  The  rule 
in  Case  IX  is  convenient  in  calculating  the  bending  moment 
on  lintels  supporting  brickwork  or  masonry  over  openings. 
It  will  be  observed  that  if  the  beam  supporting  a  concentrated 
load  at  the  center  is  firmly  fixed  or  fastened  at  both  ends,  as 
in  Case  XIII,  instead  of  being  simply  supported  as  designated 
in  Case  IV,  the  bending  moment  under  the  same  load  will  be 
only  half  as  much.  Also,  in  Case  XIV,  where  the  ends  of  the 
beam  are  firmly  fixed,  the  uniformly  distributed  load  that  may 
be  supported  is  one  and  one-half  times  as  great  as  where  the 
ends  merely  rest  on  supports,  as  in  Case  VII.  It  is  seldom 
advisable,  in  ordinary  building  practice,  to  .consider  the  ends 
of  a  beam  fixed,  it  being  good  practice  to  assume  the  ends  of 
the  beam  as  simply  bearing  on  the  wall,  using  the  rules  and 
formulas  in  Table  I.  However,  it  should  be  understood  that 
all  of  these  rules  and  formulas  apply  to  static  loads.     The 
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TABtiE  I 

FORMULAS     FOR     MAXIMUM     SAFE     JLOADS    AND    MAXIMUM 
BENDING    MOMENTS    ON    BEAMS 


Case 


II 


Method  of  Loading 


1 


I-' 1 


Maximum  Bend- 
ing Moment 


Wl        (1) 


JVl 


(2) 


Maximum 
Safe  Load' 


SSg 

I 


(17) 


2   SSa 


(18) 


III 


Wl 
3 


(3) 


ZSSa 


(19) 


IV 


r-i^-- ^, 


I 1 


Wl 
4 


(4) 


4-S'i» 


(20) 


V 


I I 1 


W  xy 


(5) 


I S  Sc 
xy 


(21) 


VI 


r^'-j 


l-«-i 


Wx 


(6) 


2  5*^ 


(22) 


VII 


Wl 


(7) 


?,SSa 


(23) 


VIII 


^       (8) 

12 


12  SSa 
I 


(24) 
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TABLE  I— (Continued) 


Case 


Method  of  Loading 


IX 


X 


Maximum  Bend- 
ing Moment 


6 


(9) 


Maximum 
Safe  Load 


6  SSa 


(25) 


104  Wl  (10)    8i^£,(26) 
io8  104  / 


XI 


XII 


— J 1 

— si 1 


6  Wl 
32 


(11) 


16    SSg 
3/ 


(27) 


Wl 


(12) 


iSs. 


(28) 


XIII 


-i^-i 


"^      (13) 


9,Ss, 


(29) 


XIV 


Wl 

12 


(14) 


12  SSa 


(30) 


XV 


r^'-i 


>—»>-• 


«n       r 


PF^r 


3j^/ 
140 


(15) 


(16) 


2  5' 5a 


(31) 


140    SSg 
3/ 


(32) 


32  BEAMS  AND  GIRDERS  §12 

same  load  suddenly  applied  produces  a  stress  in  the  beam 
twice  as  great  as  that  of  a  static  load.  The  safe  suddenly 
applied  load  is  therefore  only  half  as  much. 

A  graphical  method  for  determining  the  bending  moment 
on  a  beam  is  explained  in  the  following  article: 

Example. — What  will  be  the  bending  moment,  in  inch-pounds,  on 
a  wooden  girder  supporting  a  floor  area  of  150  square  feet,  the  dead 
and  live  load  being  100  pounds  per  square  foot,  and  the  span  of  the 
girder  20  feet? 

Solution. — The  total  uniformly  distributed  load  is  150  X  100 
=  15,000  lb.;  therefore,  by  applying  the  formula  in  Case  VII,  Table  I, 
the  bending  moment 

Wl       15,000  X  20  X  12        .„  nnn  .      ,K       A 
M  =  —pr~  =  — - — ^ — p; =  450,000  m.-lb.    Ans. 


EXAMPLES    EOK    PRACTICE 

1.  A  beam  has  a  span  of  20  feet,  and  is  loaded  with  a  uniformly 
distributed  load  of  2,500  pounds  per  lineal  fo(5t;  what  is  the  greatest 
bending  moment,  in  inch-pounds,  on  the  beam?    Ans.  1,500,000  in. -lb. 

2.  What  is  the  bending  moment,  in  inch-pounds,  on  a  cantilever 
beam,  securely  fastened  into  a  wall,  extending  from  the  point  of  support 
10  feet  and  loaded  with  a,  uniformly  distributed  load  of  1,000  pounds 
per  lineal  foot?  Ans.  600,000  in. -lb. 

3.  What  is  the  bending  moment,  in  inch-pounds,  on  a  girder  having 
a  span  of  30  feet,  if  there  is  a  uniformly  distributed  load  of  1,500  pounds 
per  lineal  foot  and  a  load  of  20,000  pounds  concentrated  at  the 
center?  Ans.  3,825,000  in. -lb. 

4.  A  plate  girder  in  a  building  is  required  to  support  a  uniformly 
distributed  load  of  2,000  pounds  per  lineal  foot,  extending  20  feet  each 
side  of  the  center  of  the  girder;  in  addition,  it  is  required  to  support  a 
load  of  30,600  pounds,  concentrated  10  feet  from  one  end  of  the  girder, 
and  another  load  of  43,000  pounds,  located  22  feet  from  the  same 
end.  What  will  be  the  greatest  bending  moment  on  the  girder,  in 
foot-pounds,  if  the  span  is  60  feet?  Ans.  1,528,933  ft. -lb. 


GRAPHICAL,  METHOD  OF  OBTAINING  BENDING  MOMENT 
AND  SHEAR 

33.  The  graphical  method  of  obtaining  bending  moment 
and  shear  on  a  beam  can  best  be  explained  by  assuming  an 
example  and  solving  it. 
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Fig.  31  (a)  shows  a  simple  beam  having  three  concen- 
trated loads,  JV„  IV,,  and  W,.  First  lay  out,  as  in  (d),  the 
force  polygon,  or  stress  diagram,  as  it  is  sometimes  called;  the 


Fig.  31 


loads  are  laid  off  to  scale  at  A  B,  B  C,  and  C  D.  From  any 
point  0,  outside  of  the  load  line,  draw  lines  to  A,  B,  C,  and  D. 
If  a  cord  is  supported  at  two  points,  a  and  b,  in  Fig.  31  (c), 
and  the  loads  W^,  W,,  and  W,  are  hung  at  the  points  c,  d,  and^. 
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respectively,  the  cord  will  be  in  equilibrium,  provided  that  the 
portions  ac,cd,de,  and  e  b  are  parallel  to  Ao,  B  o,  Co,  and  D  o, 
respectively. 

The  figure  in  (c)  is  called  the  equilibrium,  or  funicular, 
polygon,  and  is  a  representation  of  the  variation  of  the  bending 
moment  along  the  beam.  Therefore,  the  bending  moment 
at  any  point  is  proportional  to  the  ordinate  in  the  funicular 
polygon  below  that  point,  or  the  vertical  line  intercepted 
between  the  sides  of  the  polygon.  For  instance,  the  bending 
moment  under  the  load  W,  is  proportional  to  the  ordinate  /  d. 
The  reactions  /?,  and  R^  may  be  obtained  from  the  force 
polygon  by  drawing  the  line  o  F  parallel  to  a  ^  in  the  equi- 
librium polygon;  A  F  and  F  D  represent  the  reactions  7?. 
and  R,,  respectively. 

In  the  force  polygon,  a  horizontal  line  drawn  from  the 
point  o  to  the  load  line  represents  the  horizontal  component 
of  the  tensions  a  c,  c  d,  d  e,  and  e  bin  the  funicular  polygon, 
and  is  designated  as  H.  The  bending  moment  at  any  point 
is  equal  to  the  product  of  the  vertical  ordinate  in  the  funicular 
polygon  at  that  point  and  the  force  H.  The  ordinate  should 
be  measured  by  the  scale  to  which  the  beam  was  drawn  and 
the  line  H  by  the  scale  to  which  the  load  line  was  laid  off. 
The  explanation  of  this  is  given  in  Art.  35. 

34.  To  construct  the  shear  diagram  shown  in  (rf),  project 
downwards  the  points  at  which  the  loads  and  reactions  occur. 
The  point  F  in  the  force  polygon  is  projected  horizontally, 
thus  giving  a'  b' ,  the  base  line  of  the  polygon.  Project  the 
point  A  until  it  intersects  the  line  drawn  from  the  load  Wx  in 
{a),  and  the  point*^  until  it  intersects  the  line  drawn  from 
the  load  W^.  The  shear  at  this  point  changes  sign  and  con- 
sequently the  remainder  of  the  diagram  will  be  below  the 
base  line  a'  b' .  Project  the  points  C  and  D  until  they  inter- 
sect the  lines  projected  from  the  load  W,  and  the  reaction  R^,, 
respectively.  This  completes  the  shear  diagram,  as  shown 
by  the  shaded  section  in  ^d).  The  shear  at  any  point  is  found 
by  measuring  the  ordinate  at  that  point  by  the  scale  used  in 
laying  off  the  load  line  A  D. 


§12 


BEAMS  AND  GIRDERS 


35 


Pig.  32 
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35.  The  graphical  determination  of  the  bending  moment 
may  be  explained  by  means  of  Fig.  32,  in  which  the  beam 
shown  in  Fig.  31  is  considered. 

On  the  beam  k  l>  it  is  desired  to  find  the  bending  moment 
at  the  point  /,  9  feet  from  k.  Let  the  bending  moment  be 
considered  first  with  reference  to  the  reaction  i?,  alone,  omit- 
ting the  effect  of  the  load  W^,.  Construct  the  triangle  aki 
by  producing  the  lines  £-h  and  ac  until  they  intersect  at  i. 
As  the  triangle  a  h  z  in  (a)  is  similar  to  A  o F  in  (b) ,  it  follows 
that  ah  :  hi  =  Fo  :  A F,  and  as  the  altitudes  of  the  two 
triangles  are  proportional  to  their  bases,  the  following  pro- 
portion may  be  written:  am  :  hi  =  ho:  A F;  therefore, 
AFX  am  =  ho  X  hi.  But  am  =  kl  and  AF=  J?j,  hence, 
J?^Xkl=hoXhi. 

As  the  load  W^  acts  in  opposition  to  the  reaction  Ji^,  its 
moment  must  be  subtracted  from  that  of  /?i.  In  the  similar 
triangles  eg' i  and  AoB,cg  \  gi  =  o B  :  A  B  and  consequently 
en:  gi=oh:  AB,  but  A  B  =  Wx  and  en  =  its  moment  p  l\ 
therefore,  WiXpl  =  gi  X.oh.  The  resulting  moment  is 
then  found  by  subtracting  that  of  W^  from  R^,  as  follows: 
hi  X  ho  —  gi  X  ho,  or  ho  {h  i  —  gi)  =  ho  X  hg.  Thus, 
it  is  proved  that  the  bending  moment  at  any  point  on  a 
beam  is  equal  to  the  product  of  the  line  representing  the 
horizontal  force  o  h  and  a  vertical  line  intercepted  between 
the  sides  of  the  funicular  polygon  and  passing  through  the 
point  considered. 

In  Fig.  32  (a)  the  line  gh  measures  6.14  feet  and  in  (^) 
the  line  ho  measures  11,000  pounds,  according  to  the  scales 
to  which  the  two  figures  have  been  drawn;  the  product 
6.14  X  11,000  =  68,154  foot-pounds  is  the  bending  moment 
at  /.  By  calculation,  the  bending  moment  is  found  to  be 
9  X  12,000  -  4  X  10,000  =  68,000  foot-pounds.  The  differ- 
ence is  caused  by  inaccuracies  in  the  drawing  by  reason  of 
the  small  scale  to  which  it  is  drawn. 
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Fig.  33 


CONTINUOUS  BEAMS 

36.  When  beams  or  girders  extend  over  three  or  more 
supports  in  one  piece,  that  is,  are  not  jointed  over  the 
supports,  they  are  said  to  be  continuous,  and  the  strains  pro- 
duced are  very  different  from  those  in  ordinary  beams. 

Fig.  33  shows  the  action  of  a  beam  fixed  at  each  end  and 
having  one  intermediate  support.  The  points  b,  c,  e,  and  /, 
where  the  direction  of  the  curve  changes  and,  consequently, 
where  the  stress  in  the  upper  and  lower  portions  of  the  beam 
changes,  are  called 
the  points  of  contra- 
flexure.  The  por- 
tions ab,  cd,  de,  and 
fg  act  as  cantilevers 
and  the  upper  edges 
of  the  beam  are  in  tension  while  the  lower  are  in  compression. 
The  portions  be  and  ef  resemble  simple  beams  and  their 
upper  edges  are  in  compression  while  the  lower  are  in 
tension.  If  the  ends  of  the  girders  are  not  fixed,  but  are 
simply  supported,  the  curves  will  be  as  shown  in  Fig.  34. 
The  curves  of  each  span  produced  by  a  uniform  load  resem- 
ble those  of  a  beam  fixed  at  one  end  and  supported  at  the 
other.     The  location  of  the  points  of  contraflexure  and  the 

value  of  the  bending 
moments  are  affected 
by  the  distribution  of 
the  load  and  the  section 
of  the  girder. 

The  calculations  in 
regard  to  continuous  girders  are  very  complicated  and  con- 
sequently will  not  be  discussed  here,  but  the  following 
formulas  will  give  all  the  information  required  in  proportion- 
ing such  beams  to  the  load  they  are  required  to  carry. 

Tables  II  and  III  give  the  reactions  and  bending  moments 
at  the  supports  for  continuous  beams  uniformly  loaded  and 
extending  over  a  number  of  equal  spans.  In  these  tables, 
/  equals  the  length  of  each  span  and  w  the  weight  per  unit  of 


Fig.  34 
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TABLE  II 

REACTIONS    FOR  CONTINUOUS    BEAMS   OVER    EQUAL,   SPANS 

Coefficients  of  w  I 


Number 

Number  of  Each  Support 

of  Span 

ISt 

2d 

i 
J.O. 

8 

n 
a 

Ai 
38 

Hi 

m 

440 
388 

m 

3d 

4th 

5th 

6th 

7th 

8th 

9th 

loth 

I 

2 

3 
4 
5 
6 

7 
8 

9 

8 

u 

iU 

209 
630 

3. 

8 

H 
ft 

a 

100 
1  04 

m 

37  4 
388 

630 

H- 

106 
104 

m 

388 

m 

u 

100 

10  4 

m 
m 
m 

if 

XIA 
104 

m 

392 
388 
529 
6  30 

1^4 

m 

383 
535 
530 

TT2 

m 

511 
530 

388 
6iLl 
530 

209 
630 

TABLE   III 

BENDING    MOMENTS    FOR    CONTINUOUS    BEAMS    OVER 
EQUAIi    SPANS 

Coefficients  of  w  P 


Number 

Number  of  Each  Support 

of  Span 

ISt 

2d 

3d 

4th 

5th 

6th 

7th 

8th 

gth 

loth 

I 
2 

3 
4 
S 
6 

7 
8 

9 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

1 
1  0 

-h 
1 1 

104 

1  5 
142 

6  30 

0 

_1- 

1  0 
8 

0 

9 

0 

3V 
-1^ 

^8% 
44 
530 

0 

-1V2 
/A 

44 

530 

0 

0 

-3V8- 
-5V0 

0 

56 
630 

104 

Jl 
14  2 

5V0 

104 

-1% 

33 

388 
45 
5  30 

0 

§12 


BEAMS  AND  GIRDERS 


39 


length;  hence,  the  load  on  each  span  is  equal  to  w  I.  The  reac- 
tions are  expressed  in  terms  oiwl  and  the  bending  moments 
in  terms  of  w  l".  Only  the  fractional  coefficients  are  given. 
To  illustrate  the  method  of  using  the  tables,  the  following 
example  will  be  assumed: 

Example. — The  lower  tie-member  of  an  A-shaped  truss,  a  a  Fig.  35, 
supported  by  the  four  reactions  Ri,  R.^,  R,,  and  Rt,  sustains  a  uniformly 
distributed  load  of  2,000  pounds  per  lineal  foot,  (a)  What  will  be  the 
theoretical  amount  of  the  reactions?  [b]  What  is  the  amount  of  the 
greatest  bending  moment  from  this  uniformly  distributed  load? 


Fig. 35 

Solution. — (a)  From  Table  II,  the  reactions  at  the  ends  are  equal 
to  TB  otwl,  and  for  the  intermediate  supports,  t5  of  zc;/.  Substituting 
these  values,  the  teactions  at  the  ends  are  equal  to  -A,-  X  2,000  X  11 
=  8,800  lb.     Ans. 

The  reactions  at  the  intermediate  supports  are  equal  to  H  X  2,000 
X  11  =  24,200  lb.     Ans. 

[6)  The  greatest  bending  moment  occurs  at  the  intermediate  sup- 
ports; from  Table  III,  this  moment  is  equal  to  t^s  zc  /%  or  ^  X  2,000 
X  11  X  11  =  24,200  ft. -lb.     Ans. 


EXAMPT^ES    FOR    PRACTICE 

1.  The  first  floor  of  a  building  used  as  a,  store  was  supported  on 
12-inch  I  beams  having  a  clear  span  of  30  feet.  A  subsequent  tenant 
desired  to  use  the  first  floor  of  the  building  as  a  storage  warehouse 
and  it  was  decided  to  place  a  row  of  piers  down  the  center  of  the 
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basement  to  further  support  these  girders.  By  what  percentage  is 
the  carrying  capacity  of  the  floor  increased  by  the  introduction  of  the 
central  pier?  Ans.  400% 

2.  What  will  be  the  load  from  the  girder  on  the  central  pier  men- 
tioned in  the  above  problem,  if  the  load  is  2,000  pounds  per  lineal 
foot?  Ans.  37,500  lb. 


1 1 

« /£?'-£?" . 

a 

a 

.   .. 

Fig.  36 

3.  A  trussed  girder.  Fig.  36,  is  loaded  with  a  uniformly  distributed 
load  of  1,500  pounds  per  foot;  what  will  be  the  amount  of  the  com- 
pressive stress  in  the  straining  posts  a,  a.  Ans.  16,500  lb. 


DEFLECTION  OF  BEAMS 

37.  Elasticity  is  that  property  which  a  body  possesses 
of  returning  to  its  original  form,  after  being  strained  or  dis- 
torted by  the  application  of  a  stress.  This  property  is 
possessed  by  all  bodies  in  a  greater  or  less  degree.  If,  after 
being  distorted,  a  body  does  not  perfectly  resume  its  original 
form,  it  is  said  to  have  a  permanent  set.  It  is  believed 
that  the  elasticity  of  all  solids  is  more  or  less  imperfect, 
and  that  the  slightest  strain  produces  a  corresponding  per- 
manent set.  It  is  customary,  however,  to  consider  the 
elasticity  of  all  building  materials  as  practically  perfect 
within  certain  limits.  Under  this  assumption,  stresses,  up  to 
a  certain  limit,  may  be  applied  and  removed,  and  the 
resulting  strain  or  alteration  of  form  will  be  only  temporary, 
with  no  appreciable  permanent  set.  However,  stresses  above 
this  limit  will  cause  permanent  sets. 

38.  The  elastic  limit  of  any  material  is  the  maximum 
unit  stress  that  may  be  applied  to  it  without  causing  any 
apparent  permanent  set;  or,  it  is  that  point  at  which  the 
strain  ceases  to  be  proportional  to  the  stress. 

To  illustrate:  Consider  a  piece  of  steel  wire  supported  at 
one  end  and  loaded  by  a  weight  suspended  from  the  other. 
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The  wire  is  found  to  stretch  under  the  action  of  the  load, 
and  by  varying  the  weight  or  stress,  the  strain  in  each  case 
is  found  to  vary  in  the  same  proportion,  so  long  as  the 
weight  is  not  greater  than  one-fourth  of  the  breaking 
strength  of  the  wire;  within  this  limit  it  is  found,  on  remov- 
ing the  weight,  that  the  wire  resumes  its  original  length. 

If  the  load  is  made  considerably  greater  than  one-fourth  of 
the  breaking  strength  of  the  wire,  it  is  found  that  when  the 
load  is  removed  the  wire  has  taken  a  permanent  set;  in 
other  words,  it  will  not  return  to  its  original  length.  If  the 
wire  remains  permanently  longer  than  it  was  before  the 
load  was  applied,  it  has  been  strained  beyond  the  limit 
of  elasticity. 

Suppose  that  a  weight  of  2,000  pounds  is  hung  from  the 
end  of  a  wrought-iron  rod  having  a  sectional  area  of  1  square 
inch,  and  that  the  rod  stretches  about  13000  of  its  original 
length.  When  the  weight  is  removed,  the  bar  resumes  its 
original  length,  as  far  as  can  be  measured  by  ordinary 
instruments.  Now,  instead  of  2,000  pounds,  attach  a  weight 
of  24,000  pounds  to  the  rod  and  it  stretches  about  to-qo'  of  its 
length;  when  this  weight  is  removed,  we  find  that  the  bar 
does  not  return  to  its  original  length,  but  that  it  is  slightly 
longer  than  it  was  before;  that  is,  the  bar  has  a  permanent  set. 

The  unit  stress  where  the  weight  on  the  rod  is  just  sufficient 
to  produce  the  least  permanent  set  is  called  the  elastic  limit. 

39.  The  modulus  of  elasticity  is  the  ratio  of  the  unit 
stress  to  the  unit  strain  for  loads  within  the  elastic  limit. 

For  example,  if  the  weight  of  2,000  pounds  on  an  iron  bar, 
whose  section  is  1  square  inch,  produces  an  elongation 
of  13000  of  the  original  length  of  the  bar,  the  unit  stress  is 
2,000  pounds  per  square  inch;  the  unit  strain  is  13000;  and 
the  modulus  of  elasticity  is  2,000  ~  13000  =  26,000,000 pounds 
per  square  inch. 

In  most  building  materials,  the  modulus  of  elasticity  for 
tension  and  the  modulus  for  compression  may  be  considered 
as  practically  equal.  The  moduli  of  elasticity  of  some  of  the 
principal  building  materials  are:  yellow  pine,  1,200,()00  pounds 
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per  square  inch;  cast  iron,  17,000,000  to  20,000,000;  steel,. 
28,000,000  to  30,000,000;  neat  cement,  3,000,000;  concrete, 
700,000. 

40.  The  stresses  of  tension  and  compression  created  in 
a  loaded  beam  cause  elongation  and  shortening  of  the  longi- 
tudinal elements  above  and  below  the  neutral  plane,  the 
result  of  which  is  a  curvature  of  the  beam.  The  amount  of 
this  curvature  depends  on  the  amount  and  distribution  of  the 
load,  the  material  of  which  the  beam  is  composed,  its  span 
and  manner  of  support,  and  on  the  dimensions  and  form  of 
the  cross-section. 

Deflection  is  the  name  applied  to  the  distortion  or  bend- 
ing produced  in  a  beam  when  subjected  to  transverse  stresses. 
The  measure  of  the  deflection  at  any  point  on  a  beam  is  the 
perpendicular  displacement  of  the  point  from  its  original 
position.  If,  on  the  removal  of  the  transverse  stresses  or 
loads  on  the  beam,  it  returns  to  the  straight  or  original  form, 
the  material  in  the  beam  has  not  been  strained  beyond  the 
elastic  limit.  On  the  other  hand,  if  the  internal  stresses 
exceed  the  elastic  limit  of  the  material,  a  permanent  set  will 
be  given  the  beam. 

41.  Stiffness  is  a  measure  of  the  ability  of  a  body  to 
resist  bending;  this  property  is  very  different  from  the 
strength  of  the  material  or  its  power  to  resist  rupture. 

The  stiffness  of  a  structure  does  not  depend  so  much  on 
the  elasticity  of  the  material  of  which  it  is  composed  as  on 
its  arrangement  and  form;  for  example,  a  floor  may  be  built 
of  shallow  and  wide  joists  that  will  be  sufficiently  strong  to 
carry  a  given  load,  but  it  will  not  be  nearly  so  stiff  as  a  floor 
of  equal  strength  built  of  narrow  and  deep  ones.  This  prop- 
erty of  stiffness  is  as  important  in  building  construction  as 
mere  strength,  and  the  two  stfould  be  considered  together; 
thus,  the  floor  joists  of  a  building  may  be  strong  enough  to 
resist  breaking,  but  so  shallow  as  to  lack  stiffness,  in  which 
case  the  floor  will  be  springy  and  vibrate  from  people 
walking  on  it.  If  there  is  a  plastered  ceiling  on  the  under 
side  of  the  joists  of  such  a  floor,  the  deflection  of  the  joists 
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may  cause  the  plaster  to  crack  and  fall  into  the  room 
below.  Where  stiffness  is  lacking  in  the  rafters  of  a  roof, 
they  will  be  liable  to  sag,  thereby  causing  unsightly  hollows 
in  the  surface  of  the  roof,  in  which  moisture  and  snow  may 
lodge,  which  would  be  very  detrimental  to  the  roof  covering. 

42.  From  the  foregoing,  it  is  evident  that  not  only  must 
the  strength  of  the  beams  composing  a  structure  be  calculated 
to  withstand  rupture,  but  the  beams  must  be  stiff  or  rigid 
enough  to  resist  bending.  It  is,  therefore,  important  to  be 
able  to  calculate  the  deflection  of  any  beam  under  its  load, 
and  if  found  excessive,  the  size  of  the  beam  may  be  increased 
and  the  deflection  reduced  to  working  limits. 

The  amount  of  deflection  that  exists  in  beams  loaded  and 
supported  in  difiEerent  ways  may  be  calculated  by  the  for- 
mulas given  in  Table  IV.  In  using  these  formulas,  all  the 
loads  should  be  expressed  in  pounds  and  the  lengths  in 
inches.  The  modulus  of  elasticity  is  denoted  by  E,  and  the 
moment  of  inertia  of  the  section  by  /. 

Example  1. — ^A  10-inch  steel  I  beam,  supported  at  the  ends,  must 
sustain  a  uniformly  distributed  load  o£  10,000  pounds.  The  span  of 
the  beam  is  20  feet,  and  its  moment  of  inertia  is  146.4;  there  is  to  be  a 
plastered  ceiling  on  its  under  side,  the  allowable  deflection  of  which 
is  -To  inch  for  each  foot  of  span.  Will  the  deflection  of  the  beam  be 
excessive? 

Solution. — The   formula   for   the    deflection   of   a   beam    of    this 

character,  from  the  table,  is  „„.  „  ..     From  Art.  39,  the  modulus  of 
'  384  A^/ 

elasticity   of   structural  steel   is   28,000,000  to  30,000,000;    taking  the 

average  value,  and  substituting  the  other  values  of  the  example  in  the 

formula,  the  deflection  equals 

5X10,000X240^  .„  u     ^   7   • 

38Tx  29:000- 000>ri46:4  =  ■^^'  °'  ^''°"'  *  '"■ 

Since  the  allowable  deflection  for  each  foot  of  span  is  ^in.,  the  total 

allojvable  deflection  is  to  of  20  =  |  in.     This   is    greater   than    the 

calculated    deflection,  and  the  beam  therefore  satisfies  the  required 

conditions.     Ans. 

Example  2. — A  12"  X  16"  yellow -pine  girder  must  support  a 
symmetrically  placed  triangular  piece  of  brickwork,  which  weighs 
about  12,000  pounds.  What  will  be  the  deflection  of  the  timber  if  the 
span  is  20  feet.'' 
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TABLE    IV  ■ 

FORMULAS    FOR    DEFLECTION    OF    BEAMS 


Case 


Method  of  Loading 


--1 


Deflection 
Inches 


Wl' 


(33) 


II 


wr 


(34) 


III 


iS-EI 


(35) 


IV 


L i  I J 


w_i_ 

4?,  EI 


(36) 


Wxy  (2I  —  x)  -^2,  X  (2  I  —  x)  /Q/T\ 
2y  lEI 


VI 


r*rL 


±:^rL 


Wx 
48E/ 


(3^-4^')  (38) 


VII 


5  wr 
384^/ 


(39) 


VIII 


220E/ 


(40) 
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TABLE   IV— (Continued) 


Case 


Method  of  Loading 


Deflection 
Inches 


IX 


ivr 

doEI 


(41) 


X 


47  WP 
ZfiooEI 


(42) 


XI 


i^ 1 


% 


3  wr 

322  EI 


(43) 


XII 


5  wr 

926  EI 


(44) 


XIII 


lE^i^zzm 


^~" 


wr 

192  jS'/ 


(45) 


XIV 


wr 


Zi-^EI 


XV 


JT! 


«n      ^ 


(46) 


For  overhang: 

-^^(3^/- 4^')  (47) 

12  zi  / 

For  part  between  supports: 

^^Al-2xY  (48) 
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Solution. — The  formula  for  the  deflection,  in  this  case,  from  the 

W  I' 
table,  is^^r-5=ry.     From  Art.  39,  the  value  of  the  modulus  of  elasticity 

is  found  to  be  1,200,000.     The  moment  of  inertia  of  the  section,  from 

the  formula  /  =  -r^,  is  /  =  — r^ —  =  4,096.     Then,  by  substituting 

the  given  values,  the  deflection  is 
12,000  X  240° 
60  X  1,200,000  X  4,096 


=  .56,  about  -fs  in.    Ans. 


EXAMPLES    EOK    PKACTICE 

1.  The  moment  of  inertia  of  a  12-inch  steel  I  beam  is  228.3,  and  its 
span  is  25  feet.  If  the  ends  of  the  beam  are  simply  supported,  what 
will  be  its  deflection  under  a  concentrated  load  of  10,000  pounds  sus- 
pended from  its  center?  Ans.  .85  in. 

2.  A  cantilever  beam  of  12"  X  16"  yellow  pine  extends  from  a  build- 
ing wall  10  feet,  and  is  loaded  on  the  end  with  a  concentrated  load  of 
12,500  pounds;  what  will  be  the  greatest  deflection  of  the  beam? 

Ans.  1.46  in. 

3.  The  span  of  a  15-inch  steel  I  beam  is  30  feet,  and  the  moment 
of  inertia  of  its  section  is  455.8;  the  load  on  the  beam  is  uniformly 
distributed  and  amounts  to  3,000  pounds  per  lineal  foot.  If  the  ends 
of  the  beam  are  firmly  fixed,  what  will  be  its  deflection?     Ans.  .83  in. 


BEAMS  AND  GIRDERS 

(PART  2) 


WOODEN,  STEEL,  AND  REENFORCED 
CONCRETE  BEAMS 


FORMULA  OF    GBNEBAIi    APPLICATION 

1.  In  every  section  of  a  beam  under  stress,  each  fiber 
offers  against  rupture  a  resistance  whose  moment  is  equal  to 
the  resisting  force  of  the  fiber  multiphed  by  its  perpendicular 
distance  from  the  neutral  axis  of  the  section.  The  sum  of 
these  fiber  moments  is  called  the  resisting  moment  of  the 
section,  and  is  equal  to  the  bending  moment  producing  the 
stress.  By  higher  mathematics,  it  is  proved  that  the  resist- 
ing moment  is  equal  to  the  product  of  the  greatest  unit 
stress  in  any  part  of  a  section  multiplied  by  a  factor,  called 
the  section  modulus,  or  the  resisting  inches,  which 
depends  on  the  shape  of  the  section;  the  latter  term  is  now 
rarely  used. 

If  the  greatest  unit  stress  is  assumed  to  be  the  modulus 
of  rupture  or  ultimate  fiber  stress  of  the  material  composing 
the  beam,  the  following  rule  may  be  stated: 

Rule  I. — To  find  the  ultimate  resisting  moment  of  a  beam, 
multiply  the  section  modulus  by  the  modulus  of  rupture  of  the 
material  of  which  the  beam  is  composed. 

The  moduli  of  rupture  for  the  materials  used  in  building 
construction  may  be  obtained  from  the  table  in  Materials  of 
Structural  Engineering,  Part  3. 

For  notice  of  copyright,  see  i>aze  immediately  following  the  title  page 
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From  rule  I;  the  ultimate  resisting  moment,  which  is 
represented  by  M^  is  equal  to  the  product  of  the  section 
modulus  and  the  modulus  of  rupture,  or  Ss.  If  M  repre- 
sents the  bending  moment,  the  beam  is  loaded  to  its  max- 
imum capacity  when  M  and  M^  are  equal;  that  is,  the  load 
applied  to  produce  this  condition  would  be  the  breaking  load. 
For  a  uniformly  distributed  load  the  formula  for  the  bending 

moment  on  a  beam  \.%  M  =  —- — ,  in  which   W  equals  the 

8 

total  load  in  pounds,  and  L  the  span  of  the  beam  in  feet. 

The  bending  moment  is  expressed  in  foot-pounds  while 

the  resisting  moment  is  in  inch-pounds;  therefore,  in  equating 

these  values  it  is  necessary  to  reduce  both  values  to  the 

same   denomination,    which    is    accomplished    by   dividing 

5'i  by  12.     This  gives  the  equation 

i^  =  ^  then    W^^-^  or 

in  which  5  =  section  modulus; 

5  =  modulus  of  rupture; 
L  =  span  of  beam,  in  feet; 
W  =  total  load,  in  pounds. 

The  uniformly  distributed  load  that  will  break  a  beam 
whose  size  is  known  is  determined  by  formula  1,  which 
may  be  stated  by  the  following  rule: 

Rule  II. — To  determine  the  uniformly  distributed  load,  in 
pounds,  that  will  break  a  beam,  multiply  twice  the  section 
modulus  by  the  moduhis  of  rupture  and  divide  this  product  by 
three  times  the  span,  in  feet. 

Example. — Taking  the  modulus  of  rupture  of  hemlock  at  3,500 

pounds  and  using  a  factor  of  safety  of  4,  what  uniformly  distributed 

load  can  be  safely  carried  by  a  hemlock  beam  8  inches  by  12  inches, 

the  span  being  25  feet? 

b  d^       8  X  12* 
Solution.— Section  modulus  =  —5-  =  —^ —  =  192.    The  formula 

D  o 

2  5^ 
for  the  breaking  load  is   W  =  -— ^;  hence,  using  a  factor  of  safety 
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of  4,  the  safe  uniformly  distributed  load  will  be  j 5-7-.    Substituting 

the  values  in  this  formula,  the  breaking  load  is 
2  X  192  X  3.500       ^  _„  ,^      ^ 
4  X  3  X  25-  =  ^'^^Q  ^^-    ^'>«- 


WOODEN  BEAMS 

2.  In  practice,  it  is  often  necessary  to  determine  what 
size  beam  will  be  required  to  carry  a  given  load;  the  formula 
to  be  used  in  such  a  case  is  obtained  by  transposing  the 
values  in  formula  1.     Thus, 

^  =  w.  SWL  =  2  Ss,  ^-^  =  S,  or 

2  s 

This  formula  will  give  the  value  of  the  section  modulus 
that  the  beam  must  have  in  order  to  furnish  the  neces- 
sary resistance.     Then,  for  a  rectangular  beam,  the  formula 

6"  =  —;-  is  used,  in  which  the  value  of  5'  found  from  the 
6 

previous   formula  is    substituted   and   a  width   or   depth   is 

assumed.     The  other  dimension  may  be  readily  determined. 

The  following  example  will  illustrate  this  method: 

Example. — What  size  yellow-pine  beam  is  required  to  support  a 
uniformly  distributed  load  of  500  pounds  per  foot  over  a  span  of 
10  feet,  the  modulus  of  rupture  of  yellow  pine  being  6,000,  and  a 
factor  of  safety  of  4  being  used? 

Solution. — The  safe  strength  of  the  wood,  using  4  as  a  factor  of 
safety,   is  6,000  -=-  4  =  1,500  lb.   per  sq.  in.     Substituting  the  values 

of  IV,  L,  and  s  in  the  formula  S  =     „       gives 

3  X  (500  X  10)  X  10  ^  150.000  ^ 
■^  ~  2  X  1,500  3,000 

the  required  section  modulus.     Assuming  6  in.  as  the  width  of  the 
beam,   the  values  of   5  and   6   may  be  substituted  in   the   formula 

5  =  *i^;  thus,  50  =  -f;  d'  =  50;  rf  =  VSO  =  7.07  in.     It  will  there- 
6  t? 

fore  be  necessary  to  use  a  6"  X  8"  beam.     Ans. 

3.  When  a  beam  is  designed  to  resist  the  bending 
moment   produced  by   the   loads    on   it,  it  will   usually  be 
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strong  enough  to  resist  the  vertical  and  horizontal  shear,  so 
that  it  is  not  necessary  to  take  into  account  these  stresses 
in  proportioning  the  size  of  the  beam.  However,  they  must 
be  considered  to  some  extent  in  designing  the  beam  at  its 
bearing,  and  care  should  be  taken  that  no  material  is  cut 
away  at  the  bottom.  If  the  section  is  reduced  at  the  bear- 
ing by  cutting  out  the  under  side,  the  resistance  to  the  hori- 
zontal shear  at  this  point  will  be  partially  destroyed. 


GENERAL    NOTES    RELATIVE    TO    WOODEN    BEAMS 

4.  In  the  framing  of  floors  it  is  frequently  necessary  to 
frame  around  chimney  breasts,  elevator  shafts,  and  similar 
projections.  This  construction  is  generally  accomplished  by 
framing  or  hanging  the  joists  from  a  beam  or  girder  that 
extends  in  front  and  parallel  to  the  face  of  the  projection. 
This  girder  is  known  as  a  header  and  is,  in  timber  framing, 
composed  of  two  or  more  joists  placed  side  by  side  and 
spiked  together;  it  is  supported  at  the  ends  by  similar 
girders  extending  parallel  with  the  joists,  which  are  termed 
trimmers;  the  joists  that  are  framed  into  the  header  are 
called  tail-beams. 

Wooden  beams  or  any  other  timbers  entering  a  party  wall 
of  a  building  constructed  of  stone,  brick,  or  iron  should  be 
separated  from  the  beam  or  timber  entering  in  the  opposite 
side  of  the  wall  by  at  least  4  inches  of  solid  masonry. 

A  header  or  trimmer  more  than  4  feet  long  should  be 
hung  in  stirrup  irons  of  suitable  thickness  for  the  size  of  the 
timbers.  Patent  hangers  are  also  frequently  used.  All 
beams,  except  headers  and  tail-beams,  should  have  one  end 
resting  4  inches  in  the  wall,  or  on  a  girder.    ■ 

The  ends  of  all  wooden  floorbeams  and  roof  beamS  rest- 
ing on  brick  walls  should  be  cut  to  a  bevel  sloping  away 
from  the  vertical  toward  the  top,  this  slope  being  not  less 
than  3  inches  for  their  depth.  Except  in  framed  buildings, 
a  floorbeam  or  roof  beam  should  not  be  supported  on  stud 
partitions.  Also,  all  wooden  beams  should  be  bridged  with 
cross-bridging  placed  not  more  than  8  feet  apart. 
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Each  tier  of  beams  should  be  anchored  to  the  side,  front, 
rear,  or  party  walls  at  intervals  of  not  more  than  6  feet, 
with  good,  strong,  wrought-iron  anchors  not  less  than 
li  inches  by  f  inch;  these  anchors  should  be  fastened  to  the 
side  of  the  beams  by  two  or  more  wrought-iron  nails  at 
least  i  inch  in  diameter.  Where  beams  are  supported  by 
girders,  the  latter  should  be  anchored  to  the  walls  and 
fastened  to  each  other  by  iron  straps. 

Where  the  ends  of  wooden  beams  rest  on  girders,  they 
should  be  butted  together  and  strapped  by  wrought-iron 
straps,  those  beams  being  strapped  that  were  anchored 
into  the  wall.  The  straps  are  secured  to  the  beams  in  the 
same  manner  as  the  anchors.  If  the  beams  are  not  butted 
on  the  girder,  they  should  lap  each  other  at  least  12  inches 
and  should  be  well  spiked  or  bolted  together. 

It  is  necessary  to  anchor  front  and  rear  walls  and  all  piers 
to  the  beams  of  each  story.  The  same  size  anchors  as  are 
required  for  the  side  walls 
should  be  used  and  should 
extend  over  four  beams. 

5.  The  safe  uniformly 
distributed  load  that  a 
floorbeam  will  support,  as 
determined  by  the  New 
York  building  laws,  is 
found  by  multiplying  the 
area,  in  square  inches,  by 
its  depth,  in  inches,  and  dividing  this  product  by  the  span  of 
the  beam,  in  feet.  This  result  is  then  multiplied  by  the  value 
given  in  Table  I  for  the  wood  of  which  the  beam  is  composed. 

Example.— What  will  be  the  safe  uniformly  distributed  load,  in 
pounds,  for  a  yellow-pine  beam  3  inches  by  10  inches  and  having  a 
span  of  20  feet? 

Solution. — Substituting  the  values  stated  in  the  example  and  solv- 
ing according  to  the  method  explained  above  gives 
3  X  10  X  10 


Wood 

Factor  of 
Safety 

Hemlock      

70 

Spruce 

Oak           .    .    . 

•    • 

90 
120 

White  pine  . 
Yellow  pine     . 

90 
140 

20 


X  140  =  2,100  lb. 


the  safe  uniformly  distributed  load.     Ans. 


BEAMS  AND  GIRDERS  §  13 


FLITCH-PLATE    GIRDERS 

6.  A  flitch-plate  girder  is  composed  of  a  steel  plate 
having  a  wooden  beam  bolted  on  each  side.  In  designing  a 
girder  of  this  kind,  it  is  necessary  to  proportion  it  so  that  the 
different  parts  will  deflect  equally.  The  load  distribution 
may  be  disregarded,  as  it  is  the  same  for  the  wood  and 
steel;  also,  the  span  is  the  same  for  each  portion  of  the  beam, 
and  hence  this  value  and  all  constants  may  be  eliminated 
when  considering  the  tendency  of  the  materials  to  deflect 
under  the  same  conditions. 

By  referring  to  the  deflection  formula  and  disregarding  the 
values  just  mentioned,  it  will  be  observed  that  in  order  to 
have  equal  deflection  in  the  two  materials,  the  ratio  of  the 
load  to  the  product  of  the  modulus  of  elasticity  and  the 
moment  of  inertia  must  be  the  same  for  each  material. 
When  the  depth  of  the  wooden  beams  and  the  plate  are  the 
same,  the  moment  of  inertia  will  vary  with  the  breadth;  the 
other  values  used  in  determining  this  property  may  be  dis- 
regarded, as  they  are  constant.  Then  the  ratio  will  be  the 
load  divided  by  the  product  of  the  modulus  of  elasticity  and 
the  width  of  the  section  for  each  material. 

As  the  bending  moment  M  is  equal  to  the  section  modulus 
multiplied  by  the  modulus  of  rupture,  the  value  of  the  latter 
may  be  found  by  dividing  the  bending  moment  by  the  section 
modulus.  The  cross-section  of  a  flitch-plate  beam  is  rect- 
angular; therefore,  the  section  modulus  is  obtained  from  the 

formula  — -;  as  the  width  b  is  the  only  value  that  varies, 
6 

the  others  may  be  disregarded,  and  it  may  be  said  that  the 

modulus  of  rupture,  or  unit  fiber  stress,  for  each  material 

varies  as  the  ratio  of  the  load  to  the  width  of  the  section  for 

each.     When  s  represents  the  unit  fiber  stress;   W,  the  load; 

and  5,  the  width  of  the  section  for  one  material;  and  s',  W, 

and  b'  represent  the  same  values  for  the  other  material,  the 

relation  stated  above  may  be  expressed  by  the  proportion: 

.   ,        WW 

s  :  s'  =  —  : 

6       b' 
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It  has  been  stated  that  the  ratio  of  the  load  to  the  product 
of  the  modulus  of  elasticity  and  the  width  of  the  section  for 
each  material  must  be  equal;   or,  when  E  and  E'  represent 

the  moduli  of  elasticity  for  the  materials, =  ;  but, 

E  b       E'  b' 

as  the  unit  fiber  stress  for  each  material  varies  in  the  ratio 

of  the  load  to  the  width,  the  former  may  be  substituted  for 

this  ratio  in  the  proportion.    Thus,  —  =  —,  or  s  :  s'  =  E  :  E'; 

E      E' 

hence,  the  unit  fiber  stress  varies  as  the  modulus  of  elasticity 

for  each  material.     This  proportion  must  always  be  true  in 

order  to  provide  for  a  uniform  deflection  in  the  two  materials. 

Example. — If  a  flitch-plate  girder  12  inches  in  depth  is  required  to 
resist  a  bending  moment  of  300,000  inch-pounds,  what  thickness  of 
spruce  planks  will  be  required,  the  steel  plate  being  iinch  thick?  The 
modulus  of  elasticity  for  structural  steel  is  29,000,000  and  for  spruce 
1,200,000,  while  the  sa.fe  unit  stress  for  steel  may  be  taken  at 
15,000  pounds. 

Solution. — The  ratio  of  the  moduli  of  elasticity  for  the  two  mate- 

.  ,     .      1,200,000        12       „,         ,.  ,  .,     ,  ...  . 

rials  IS      '       '  „„7:  =  sspi-     Then   the    safe    unit   stress   that   may   be 
jy,uuu,uuu      jyu 

employed  for  spruce  is  ^  of  15,000  =  620  lb.  persq.  in.     The  bending 

moment  is  equal  to  the  modulus  of  rupture  multiplied  by  the  section 

modulus,  or  M  =  Ss.    As  in  this  instance  there  are  two  separate  beams, 

there   are  also  two  section  moduli,  viz.:    —r-  and  — ^r^,   that   have  to 

o  b 

b  sd'      b'  s'  d' 
be  added  together;  hence,  in  this  case,  M  =  — ^ 1 ^ — .     By  trans- 

posing,  it  is  found  that  *  =  -p .     Considering  5  and  6  as  the 

values  for  wood,  and  substituting  in  the  formula  gives 
6  X  300,000  -  .5  X  15,000  X  144        .  ,   . 

*  =  620  X  144  -  ^+  '"• 

Therefore,  each  plank  should  be  8  -f-  2  =  4  in.  in  width.    Ans. 

7.  Flitch-plate  girders  should  have  two  lines  of  bolts,  as 
shown  in  Fig.  1,  the  distance  between  centers  on  each  line 
being  twice  the  depth  of  the  girder,  while  at  each  end  there 
should  be  two  bolts  in  the  same  vertical  line.  When  a  flitch- 
plate  girder  is  connected  to  a  column  and  it  is  desired  to 
have  the  column  flanges  concealed,  the  girder  may  be  notched 
out  to  fit  over  the  flange.     The  floor  may  then  be  laid  up  to 
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the  column  and  the  bolts  in  the  girder  arranged  as  shown  in 
Fig.  2,  which  is  a  sectional  plan  and  elevation  of  a  column 


Fig.  2 


with  two   steel  and  two  flitch-plate   girders.     The  flooring 
shown  in  the  elevation  is  omitted  in  the  plan. 
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If  a  lug  projects  from  the  column,  the  iron  plate  may  be 
cut  away  sufficiently  to  permit  the  lug  to  slip  between  the 
wooden  beams,  which  should  be  bolted  to  it.  Where  a 
fiitch-plate  beam  is  connected  to  an  I  beam  or  plate  girder, 
an  angle  may  be  riveted  to  the  web  of  the  girder  to  support 
the  flitch  plate,  and  if  the  floor  is  to  be  raised  above  the 
top  flange  of  the  I  beam,  it  will  be  necessary  to  cut  the 
flitch  plate  in  the  same  manner,  as  illustrated  in  Fig.  2  (i). 


BUILT-UP    WOODEN    BEAMS 

8.  Difficulty  is  frequently  experienced  in  obtaining  tim- 
bers of  the  size  required  for  very  heavy  work;  therefore,  the 
method  of  building  up  a  beam  of  smaller  pieces  is  some- 
times resorted  to.  The  most  efficient  built-up  beam,  and 
the  form  commonly  used,  is  constructed  by  securing  narrow 
pieces  of  material  together  so  that  the  joints  are  vertical, 
as  shown  in  Fig.  3.     They  may  be  fastened  with  through 


bolts,  which  give  the  more  efficient  beam,  or  with  lag- 
screws;  in  some  cases  they  are  simply  spiked  together. 
These  built-up  members  are  of  advantage  in  trusses  for 
church  roofs,  especially  when  it  is  desired  to  have  the 
lower  member  of  the  truss  curved.  Fig.  4  shows  a  portion 
of  a  church  roof  truss,  in  which  the  rafter  member,  as  well 
as  the  lower  chord  member,  is  built  up  of  three  pieces 
It  inches  thick,  secured  by  lagscrews.  Theoretically,  a 
beam  built  up  in  this  manner  is  as  strong  as  a  solid  beam  of 
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the  same  dimensions,  and  it  is  found  in  many  cases  to  be 
even  stronger.  This  is  due  to  the  fact  that  a  solid  beam  of 
large  dimensions  is  liable  to  have  defects  in  the  center  of 
the  timber  or  to  be  composed  partly  of  the  heart  wood, 
which  is  not  so  strong  as  the  outer  layers.     Better  material 


can  be  obtained  in  small  pieces  and  they  are  more  likely  to 
be  well  seasoned  than  the  larger  timbers.  By  having  the 
lower  chord  member  made  up  of  sections  it  is  also  pos- 
sible to  cover  up  the  tension  bar  entirely,  which  is  some- 
times desirable. 


§13 


BEAMS  AND  GIRDERS 


11 


9.  Another  form  of  built-up  beam  is  one  in  which  the 
pieces  are  placed  so  that  the  joints  are  horizontal,  as  shown 
in  Fig.  5  (a).     The  longitudinal  shear  produced  in  this  beam 


when  it  is  subjected  to  transverse  stress  is  resisted  only  by 
the  bolts.  Probably  a  better  construction  is  one  in  which 
hardwood  or  iron  keys  are  used,  in  addition  to  the  bolts. 
This  is  known  as  a  keyed  beam,  and  is  shown  in  {b).    Another 
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method  of  resisting  the  longitudinal  shear  is  by  inserting 
pieces  of  pipe  in  the  beam,  as  shown  in  (c).  This  is  a  fairly 
cheap  form,  but  is  inferior  to  the  keyed  beam. 

10.  Clark's  design  for  a  built-up  beam  consists  of  two 
pieces,  one  above  the  other,  fastened  by  narrow  strips  on 
each  side,  running  diagonally,  those  on  opposite  sides  of  the 
beam  running  in  opposite  directions.  Sometimes  the  diag- 
onal strips  are  wide  pieces  and  the  heavy  timbers  are  bolted 
together.  These  two  forms  of  the  Clark  beam  are  shown 
in  Fig.  5  (d)  and  (e),  respectively.  What  is  known  as  the 
indented  beam,  shown  at  (/) ,  is  sometimes  used.  The  notches 
are  intended  to  resist  the  horizontal  shear,  or  the  tendency 
of  the  two  pieces  to  slide  on  each  other,  but  when  shrinkage 
occurs,  the  indented  surfaces  are  not  held  tightly  together 
and  the  efficiency  of  the  beam  is  greatly  diminished. 

11.  Efficiency  of  Built-Up  Beams. — Table  II  gives 
the  average  '  efficiency  of  several  kinds  of  built-up  beams. 
These  results  were  obtained  from  tests  and  the  efficiency 
is   the  ratio   of  the   strength  of    a   built   beam    to    a    solid 

TABLE  II 
EFFICIENCY    OF    BUILT-UP    WOODEN    BEAMS 


Kind  of  Beam 

Deflection 

Efficiency 
Per  Cent. 

Indented                 

2.00 
2.00 

-      1.70 

I.2S 

1.50 
1.50 

69.5 

Clark's 

Piped 

Oak  keys ; 

Flat  iron  keys           

Square  iron  keys              .    .    . 

76.0 
84.6 
90.6 
78.6 
89-5 

one  of  the  same  size  and  quality  of  material.  The  deflec- 
tion is  expressed  in  the  same  ratio,  the  deflection  of  a  solid 
beam  being  the  unit  of  comparison,  so  that  from  the  table 
it  may  be  observed  that  Clark's  and  the  indented  beams 
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have  a  deflection  equal  to  twice  that  of  a  solid  beam 
under  the  same  condition  of  loading,  while  the  deflection 
of  the  other  beams  tested  and  listed  varies  from  It  to  If 
times  the  deflection  of  a  solid  beam. 


DETAILS    OF    DESIGN       ' 

12.  Beam  Hangers.  — Various  devices  for  supporting 
the  ends  of  beams  where  they  are  carried  by  headers  and 
trimmers  or  where  they  run  into  the  wall,  have  been  manu- 
factured; some  of  these  give  very  good  results,  while  others 
are  not  entirely  satisfactory.  When  the  Goetz  hanger, 
shown  in  Fig.  6,  is  employed  the  beam  is  held  in  place  by  a 
nail  driven  up  through  the  hole  a;  therefore,  when  the  beams 
are  placed  opposite  on  each  side  of  the  girder,  this  arrange- 
ment ties  the  beams  together.     The  pins,  or  lugs,  that  enter 


Fig.  6 


the  main  beam  are  bent  at  an  angle  so  that  the  hanger  will 
lock  against  the  beam  when  the  weight  is  applied  to  the  joist. 
The  Van  Dorn  hanger  for  wooden  beams  is  shown  in 
Fig.  7  («),  while  the  double  and  single  hangers  used  on 
I  beams  are  shown  in  (6)  and  (c),  respectively.  The  double 
hanger  is  formed  by  bolting  two  hangers  to  an  iron  plate 
that  rests  on  the  top  of  the  I  beam;  a  block  of  wood  is  placed 
on  each  side  of  the  web  of  the  beam  to  keep  the  hanger  in 
position.  Fig.  8  shows  a  special  Van  Dorn  hanger  arranged 
to  support  joists  on  the  opposite  sides  of  a  beam  or  girder. 
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A  stirrup  iron  lianger  is  made  by  bending  an  iron  strap 
to  fit  over  the  top  of  the  beam  and  form  a  loop  to  hold 
the  joist.     Some   special    stirrup   iron   hangers  are  shown 


Fig.  9 


Fig. 10 


Fig. 11 


in  Fig.  9,  the  one  in  (a)  being  a  simple  hanger  with  a  plate 
riveted  in  the  loop  of  the  hanger  to  carry  the  joist  and  one 
on  the  top  to  rest  on  the  beam  or  to  be  built  into  the  wall. 
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(a). 


Fig. 12 


Fie.  IS 
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In  (6)  is  shown  a  double  hanger  having  one  side  shorter  than 
the  other,  while  (c)  illustrates  a  double  hanger  that  is  used 
where  the  beams  are  not  opposite  each 
other  and  do  not  run  in  the  same  direc- 
tion. These  hangers  are  generally  held 
in  place  by  being  nailed  to  the  beams 
that  support  them. 

The  Duplex  hanger  for  a  small 
joist  or  beam  is  shown  in  Fig.  10;  the 
girder  on  which  it  is  hung  has  a  hole 
drilled  in  it  to  receive  the  lug  a.  For 
wide  beams,  a  double  hanger,  shown  in 
Fig.  11,  is  used.  The  beam  is  bolted  to 
the  hanger,  the  latter  being  secured  to 
the  girder  by  bolts  run  through  the  lugs  that  enter  the 
beam.  Fig.  12  (a)  shows  a  side  and  front  elevation  of  a 
double  hanger  in  position,  while  (l?)  shows  a  perspective  of  a 


Fig.  14 


connection  made  with  such  a  hanger,  the  beam  being  moved 
out  of  position  and  shown  in  full  lines,  while  the  dotted  lines 
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indicate  its  position  when  held  by  the  hanger.  In  Fig.  13 
(a)  and  {d)  are  shown  the  hangers  used  for  I  beams;  these 
are  made  to  fit  exactly  the  flange  of  the  I  beam  and  are  bolted 
through  the  web  of  the  beam.  Fig.  14  represents  the  single 
hanger,  used  for  narrow  beams,  in  position  on  the  I  beam. 
The  double  hanger  used  for  heavier  construction  is  shown  in 

position  in  Fig.  15  (a)  and 
(b),  (a)  showing  the  man- 
ner in  which  the  end  of  the 
wooden  beam  should  be 
cut  to  fit  in  the  hanger, 
while  (b)  illustrates  the 
method   of   bolting  the 


Pig.  17 

hangers  to  the  I  beams,  and  also  shows  the  rib  over  which  the 
joists  must  be  cut  and  which  serves  as  a  tie  when  the  latter 
are  in  place.  The  Duplex  wall  hangers,  shown  in  Fig.  16  (a) 
and  (b),  are  used  extensively  and  give  satisfactory  results. 

13.  Tests  Made  on  Beam  Hangers. — The  results  of  a 
test  made  on  a  Van  Dorn  hanger,  a  stirrup  iron  hanger,  and 
a  Duplex  hanger  are  shown  in  Figs.  17,  18,  and  19.  In  each 
case,  one  end  of  the  I  beam  to  which  the  load  was  applied 
rested  on  a  pine  block  7  inches  thick,  that  was  securely 
fastened  in  the  hanger;  the  other  end  was  supported  on  an 
iron  bar.    When  13,300  pounds  had  been  applied  to  the  beam 
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carried  by  the  Van  Dorn  hanger,  shown  in  Fig.  17,  the  hanger 
began  to  straighten  out,  and  failed  at  a  load  of  18,750  pounds. 
The  stirrup  iron  hanger  failed  at  a  load  of  13,750  pounds,  by 
pulling  off  from  the  header,  as  shown  in  Fig.  18;  the  crushed 
parts  of  the  header  are  the  points  where  the  stirrup  was 
hung  for  the  test.      The  beam  supported  by  the  Duplex 


Fig.  18 


Fig. 19 


hanger.  Fig.  19,  was  loaded  to  20,000  pounds,  when  the 
wood  began  to  show  signs  of  failing,  but  the  hanger  held 
until  a  load  of  39,550  pounds  was  applied.  At  this  point, 
one  side  of  the  hanger  broke  off  short  under  the  lug  pro- 
jecting into  the  Jieader.  The  Duplex  hanger  was  bolted  to 
the  header  with  two  f-inch  bolts  through  the  lugs. 

14.  Heavy  Wooden  Construction. — In  heavy  wooden 
construction,  the  wooden  beams  are  carried  by  iron  girders 
and  are  sometimes  supported  on  beam  ledges  or  blocks 
bolted  to  the  girder.  Fig.  20  shows  a  15-inch  I  beam  that 
carries  8"  X  12"  wooden  beams  placed  opposite  each  other. 
These  beams  rest  on  beam  ledges  «,  of  which  only  one  is 
shown  in  the  illustration.  They  extend  the  full  length  of 
the  girder  and  are  bolted  to  it  with  |-inch  bolts.  The  ledges 
are  notched  out  to  receive  the  wooden  beams  and  are  also 
cut  out  to  fit  around  the  lower  flange  of  the  I  beam^  extend- 
ing 8  inch  below  it.  The  wooden  beams,  which  are  cut  out 
to  fit  the  upper  flange  of  the  girder,  are  notched  at  the  top 
and  a  ll-inch  anchor  plate  is  set  in  the  full  width  of  the 
beams;    this    arrangement   ties  the  beams  together.      For 
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additional  -stiffness,  a  i-inch  cleat  b  is  nailed  on  each  side 
of  the  beam,  extending  from  the  beam  ledge  to  within 
8  inch  of  the  top  of  the  wooden  beam;  the  cleat  is  fastened 

to  the  anchor  plate 
and  the  beam,  thus 
forming  a  rigid  con- 
nection. A  8-inch 
casing  is  rabbeted 
into  the  beams  and 
extends  from  one 
beam  to  the  next,  thus 
enclosing  the  girder 
and  making  a  neat 
finish.  The  only  part 
of  the  girder  that  is 
exposed  is  the  lower 
flange,  but  even  this 
is  protected  to.  some 
^Continuous Beam^ Piece  extent  by  the  beam 
Fig.  20  ledge.    Fig.  21  shows 

an  elevation  of  the  girder  with  the  finished  casing  at  {a)  and 
without  it  at  {b) . 

The  arrangement  for  the  casing  of  a  20-inch  girder  carry- 
ing 8"  X  12"  wooden  beams  is  shown  in  Fig.  22,  in  which  a,  a 
are  the  blocks  that  are  placed  under  each  beam  and  bolted 
through  the  web  of  the  girder  in  two  places,  the  blocks 
being  counterbored  to  allow  the  bolt  heads  to  sink  below 

■if/lnchorP/afe 


the  surface.  The  beams  are  notched  and  an  anchor  plate  is 
set  in  as  shown;  a  cleat,  extending  from  the  bottom  flange 
of  the  I  beam  almost  to  the  top  of  the  wooden  beam,  is 
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spiked  to  each  side,  thus  keeping  the  block,  beam,  and  anchor 
plate  in  line  and  securing  them  rigidly  together.  The  casings 
b,  c,  and  d  and  the  molding  e  are  then  put  in  place,  the  piece 
marked  a?  being  rabbeted  into  the  beam.  Though  the  arrange- 
ments shown  in  Figs.  20  and  22  can  hardly  be  considered  as 
strictly  slow-burning  con- 


struction, they  are  espe- 
cially strong  and  rigid  and 
may  be  employed  with 
good  results  in  buildings 
where  it  is  necessary  to 
provide  against  the  effects 
of  vibration. 


sCasi/T^s  aisifoei/  //)to  G'n^fy'J 


/g  Cas/'n^ 


STEEL  BEAMS 
15.     The  steel  beams 

used  in  building  construc- 
tion are  generally  either 
channels  orlbeams.  When 
the  word  beam  is  used,  it  is 
understood  that  an  I  beam 
is  meant.     For  instance,  a 

12-inch  40-pound  beam  means  an  I  beam  12  inches  in  depth, 
weighing  40  pounds  to  the  lineal  foot;  a  channel  of  the  same 
size  is  expressed  as  a  12-inch  40-pound  channel.  In  desig- 
nating rolled  shapes  on  working  drawings,  various  systems 
of  abbreviations  are  used.  A  12-inch  40-pound  beam  may  be 
expressed  as  12"  I  40?^,  or  a  channel  as  12"  C  40#.  This 
is  entirely  a  matter  of  judgment  with  the  draftsman,  or  is 
governed  by  the  practice  used  in  the  particular  drafting 
room.  As  long  as  the  size,  character,  and  weight  of  the 
beam  are  given,  it  matters  little  how  they  are  expressed,  if 
intelligibly  written. 
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TRANSVERSE    STRENGTH 

16.  In  calculating  the  strength  of  steel  beams,  it  is 
first  necessary  to  find  the  bending  moment,  using  the  meth- 
ods and  rules  already  given.  Then  the  section  modulus 
required  in  the  beam  may  be  obtained  by  dividing  the 
bending  moment,  in  inch-pounds,  by  the  quotient  obtained 
by  dividing  the  modulus  of  rupture  by  the  factor  of  safety. 
Assume,  for  example,  the  bending  moment  on  a  beam  to  be 
50,000  foot-pounds.  Reduce  it  to  inch-pounds  by  multiply- 
ing it  by  12,  which  gives  600,000  inch-pounds.  The  modu- 
lus of  rupture  for  structural  steel  is  60,000  pounds.  If  a 
factor  of  safety  of  4  is  used,  the  safe  working  value  of  this 
material  will  be  60,000  -f-  4  =  15,000  pounds  per  square  inch. 
Then  600,000  -=-  15,000  =  40,  the  section  modulus  required. 

The  approximate  section  modulus  of  an  I  beam,  or  a  chan- 
nel, may  be  found  by  the  following  rules: 

Eule  I.  —  To  obtain  the  approximate  section  modulus  of  an 
I  beam,  multiply  the  sectional  area  of  the  beam,  in  square 
inches,  by  the  depth,  in  inches,  and  divide  by  the  constant  3.2. 

Rule  II. — -To  obtain  the  approximate  section  modulus  of  a 
channel,  multiply  the  sectional  area  of  the  channel,  in  square 
inches,  by  the  depth,  in  inches,  and  divide  by  the  constant  3.67. 

Letting  A  equal  the  sectional  area,  in  square  inches,  of  an 
I  beam  or  a  channel,  and  d  its  depth,  in  inches,  the  approxi- 
mate section  moduli  5",  and  Sc  of  an  I  beam  and  channel, 
respectively,  may  be  found  from  the  formulas 

5..  =  fl  (3) 

s.  =  Hi        (4) 

Example. — What  is  the  section  modulus  of  a  12-inch  I  beam,  the 
sectional  area  o£  which  is  9.01  square  inches? 
Solution. — Applying  the  formula. 
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17.     Finding  tlie  Dimensions  of  a  Steel  Beam. — To 

illustrate  the  method  of  calculating  the  dimensions  of  a 
steel  beam,  let  it  be  required  to  find  what  size  steel  I  beams 
are  necessary  to  support  the  floor  of  an  office  building;  this 
floor  rests  on  brick  arches  sprung  between  the  beams,  and 
weighs  complete  110  pounds  per  square  foot.  The  build- 
ing is  designed  to  carry  a  live  load  of  40  pounds  per  square 
foot.  The  span  of  the  beams  is  20  feet  and  they  are  spaced 
5  feet  on  centers.  The  owner  requires  that  the  building 
have  a  large  factor  of  safety,  and  suggests  that  for  the 
floorbeams  a  safety  factor  of  5  be  used.  The  total  dead 
and  live  load  on  the  floor  is  110'  pounds  +  40  pounds 
=  150  pounds  per  square  foot.  The  floor  area  supported 
by  one  beam  is  20  X  6  =  100  square  feet.  Then  the  total 
load  on  one  beam  is  100  X  150  =  15,000  pounds.  The 
load  being  uniformly  distribtrted,  the  formula  for  the  bending 

moment  is  M  =  —^-;  substituting  the  values  for  W  and  L, 
8 

M  =  15,000  X  20  ^  37500,   the   bending  moment  in  foot- 

8 
pounds,  which,  being  multiplied  by  12,  equals  450,000  inch- 
pounds. 

The  modulus  of  rupture  for  structural  steel  is  60,000  pounds 
per  square  inch,  and,  since  a  factor  of  safety  of  5  is  required, 
the  safe  working  value  will  be  60,000  -^  5  =  12,000  pounds  per 
square  inch.  The  bending  moment  in  inch-pounds  is  450,000, 
which,  divided  by  12,000,  gives  a  section  modulus  of  37.5. 

From  the  table  Properties  of  Standard  I  Beams  in  Properties 
of  Sections,  it  is  found  that  the  section  modulus  of  a  12-inch 
35-pound  beam  is  38;  hence  this  size  beam  should  be  used. 

In  selecting  beams  from  the  table,  care  should  be  taken  to 
obtain  the  deepest  beam  of  the  least  weight  with  the  required 
section  modulus.  Thus,  from  the  table,  it  is  found  that  the 
section  modulus  of  a  10-inch  beam,  weighing  40  pounds,  is 
31.7,  while  a  12-inch  beam  of  40  pounds,  or  the  same  weight 
as  the  10-inch  beam,  has  a  section  modulus  of  41,  and,  in 
consequence,  possesses  nearly  one-third  more  strength, 
making  it,  therefore,  the  more  economical  beam  to  use.   _ 
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18.     By  way  of  general  review  of  the  subject  of  beams, 
the  following  practical  example  will  be  considered:    Fig.  23 
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shows  the  transverse  sectional  elevation  of  a  large  depart- 
ment store,  in  which  the  girder  B  is  made  up  of  two  I  beams. 
What  is  the  size  and  weight  of  these  steel  beams? 


§lu  BEAMS  AND  GIRDERS  25 

Before  commencing  the  calculations,  draw  the  outline  dia- 
gram, as  shown  in  Fig.  24;  this  is  called  a  frame  diagram. 
The  two  supports  for  the  girder  are  the  wall  W  and  the 
column  C.  The  loads  £-,  h  on  the  girder  are  uniform;  the 
load  h  is  due  to  the  weight  of  the  floor,  girder,  and  the  ceil- 
ing, together  with  the  live  load  on  the  floor  due  to  the  peo- 
ple, furniture,  etc.  This  load  has  been  assumed  to  amount 
to  500  pounds  per  running  foot  of  the  girder.  The  load  .^, 
being  due  only  to  the  ceiling  and  a  portion  of  the  roof,  and 
there  being  no  floor  load  on  it,  has  been  considered  as 
amounting  to  200  pounds  per  running  foot. 

The  girder  is  also  loaded  with  four  concentrated  loads:  a  of 
10,000  pounds,  due  to  the  weight  of  the  light  wall  and  a 
portion  of  the  roof;  d  of  20,000  pounds,  due  to  the  load 
coming  down  the  small  column  from  a  portion  of  the  roof; 
and  two  hanging  loads  /  and  e,  of  3,000  and  2,000  pounds, 
respectively,  from  the  weight  of  the  stair  landing  or  hall. 
The  reactions  may  now  be  calculated.  The  moments 
about  IV  are  as  follows: 

Due  to  Foot-Pounds 

Load ^  (200x6  =  1,200  1b.)      .      1,200  X    3=  3600 

Load  A  (500  X  28  =  14,000  lb.)  .    14,000  X20=     280000 

Load  a 10,000  X    6=         60000 

Load  / 3,000  X    9=        27000 

Load  d 20,000  X34=     680000 

Load  e       2.000  X  34  = 68000 

Total  moments =1118600 

This,  divided  by  the  distance  between  the  supports,  or  the 
span,  25  feet,  will  give  44,744,  the  load,  in  pounds,  coming 
on  the  column  C;  or,  in  other  words,  the  reaction  at  C.  The 
loads  are  as  follows: 

Load  .^  =      12  0  0  pounds 

Load  k  =  14  0  0  0  pounds 

Load  a  =  10  0  0  0  pounds 

Load  /  =      3  0  00  pounds 

Load  d  =  2  0  0  0  0  pounds 

Load  e  =      2  0  0  0  pounds 
Total  load  =  5  0  2  0  0  pounds 
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Then,  the  reaction  at  Wis  50,200  -  44,744  =  5,456  pounds. 

Find  the  point  between  the  two  supports  W  and  C,  where 
the  shear  changes  sign. 

Working  out  on  the  beam  from  W,  the  first  load  encountered 
and  to  be  deducted  from  the  reaction  Wis  the  uniform  load ^, 
equal  to  200  X  6  =  1,200  pounds.  Then,  5,456  (reaction 
at  W)-  1,200  (load^)  =  4,256  pounds.  The  next  load  on 
the  beam  is  the  concentrated  load  a  of  10,000  pounds,  which 
is  much  more  than  the  remaining  portion  of  the  reaction  W. 
The  greatest  bending  moment  occurring  between  the  column 
and  the  wall  is,  therefore,  at  the  point  a,  and  is  equal  to  5,456 
(reaction  at  W)x  6  =  32,736  foot-pounds,  from  which  is  to 
be  taken  the  moment  of  the  load  ^  of  1,200  X  3  =  3,600  foot- 
pounds. Then,  32r736  -  3,600  =  29,136  foot-pounds,  the 
greatest  bending  moment  between  the  supports  C  and  W. 

Again  referring  to  the  diagram.  Fig.  24,  it  is  seen  that 
there  is  quite  a  bending  luoment  directly  over  the  column  C, 
due  to  the  two  concentrated  loads  d,  e  on  the  end  of  the  beam 
and  the  portion  of  the  uniform  load  h  overhanging  the  sup- 
port C.  This  portion  of  the  beam  may  be  considered  as 
a  cantilever;  the  bending  moment  at  C  is  equal  to  the  sum 
of  the  moments  of  all  the  loads  on  the  overhanging  por- 
tion of  the  beam,  which  are: 

Load  Foot-Pounds 

d 20,000  X  9.0  =180000 

e 2,000  X  9.0  =      18  0  0  0 

h  (500  X  9  =  4,500  lb.)  .      4,500  X  4.5  =     20250 

Total  moments .     =218250 

218,250  X  12  =  2,619,000  inch-pounds.  This,  divided  by 
20,000,  the  safe  working  value  of  structural  steel  (using  the 
modulus  of  rupture  of  60,000  pounds  -r  3,  the  safety  factor 
used  in  this  case)  =  131,  the  required  section  modulus  in 
the  two  beams.  Then,  131  -f-  2  =  65.5,  section  modulus 
required  in  one  of  the  beams. 

From  the  table  in  Properties  of  Sections,  it  is  found  that 
the  section  modulus  of  a  15-inch  55-pound  beam  is  68.1. 
The  18-inch  beam  of  the  same  weight  has  a  section  modulus 
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of  88.4,  and  while  this  is  in  excess  of  the  required  amount,  it 
is  the  preferable  beam  to  use,  two  of  the  kind  being  required. 

19.  Kelatlon  Between  Span  and  Depth  of  Beam. — In 

order  to  select  beams  that  will  not  deflect  too  much  under  the 
load  that  they  are  required  to  sustain,  the  depth  of  the  beam, 
in  inches,  should  never  be  less  than  half  the  span  of  the 
beam,  in  feet.  Thus,  if  the  span  of  the  beam  be  20  feet,  a 
beam  not  less  than  10  inches  in  depth  should  be  used  to 
avoid  excessive  deflection. 

20.  Separators  for  I  Beams. — In  building  construc- 
tion, it  frequently  happens  that  a  single  I  beam  is  insufficient 
to  carry  the  imposed  load.  Where  heavy  loads,  such  as  brick 
walls,  vaults,  etc.,  are  to  be  supported,  a  single  I  beam  is 
inadequate;  therefore,  two  or  more  beams  are  placed  side  by 
side  and  bolted  together,  with  steel  separators  between,  as 
shown  in  Fig.  25,  or  with  cast-iron  separators,  as  shown  in 
Fig.  26  (a)  and  {l>).  In  (a)  is  shown  a  type  of  cast-iron  sepa- 
rator so  formed  that  the  bolts  pass  through  a  hole  in  the 


Fig.  25 

swollen  portion  of  the  casting.  Another  pattern  of  cast-iron 
separator  is  shown  in  (d),  in  which  the  connecting  bolt 
passes  through  a  lug  cast  on  the  separator.  A  common  use 
for  a  double  beam  secured  together  by  bolts  and  separators 
is  shown  at  a,  a,  Fig.  26  {c) .  These  separators  hold  the 
compression  flanges  of  the  beams  in  position,  preventing 
deflection  sideways,  and  also,  in  a  measure,  cause  the 
beams  to  act  together,  distributing  the  load  uniformly  on 
both.     Separators  should  be  spaced  from  6  to  7  feet  apart 
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throughout  the  length  of  the  beam;  they  should  also  be  pro- 
vided at  the  supports  and  at  the  points  where  heavy  loads 
are  concentrated. 

Standard  separators  may  be  obtained  in  such  widths  that 
the  inner  edges  of  the  flanges  of  the  two  beams  connected 
are  about  i  inch  apart.  For  beams  10  inches  in  depth  and 
under,  one  f-inch  bolt  is  used  through  the  separator'  while 


I 


{ 


(b) 


(e) 

Fig.  26 

two  f-inch  bolts  are  used  for  connecting  beams  over  10  inches 
in  depth.  Where  two  bolts  are  used,  the  distance  between 
centers  is  usually  made  10  inches  for  beams  18  and  20  inches 
in  depth,  7  inches  for  15-inch  beams,  and  6  inches  for  12-inch 
beams.  Separators  for  18-inch  and  20-inch  beams  weigh 
about  20  pounds  each;  for  15-inch  beams,  about  12  pounds; 
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for  12-inch  beams  the  weight  is  from  8  to  10  pounds;  for 
8-,  9-,  and  10-inch  beams,  from  5  to  7  pounds;  and  for  4-,  5-, 
and  6-inch  beams,  from  1  to  4  pounds. 

21.  I  Beam  Girders. — In  designing  floors  of  buildings 
it  is  desirable  to  have  a  minimum  number  of  interior  support- 
ing columns,  consistent  with  economy.  A  beam  girder  con- 
sisting of  a  pair  of  I  beams  is  frequently  advantageous  for 
supporting  the  steel  floorbeams,  as  shown  at  a  in  Fig.  26  (a). 

Girders  composed  of  two  or  more  I  beams  are  commonly 
used  to  span  openings  in  brick  walls.  If  the  wall  to  be  sup- 
ported is  thoroughly  seasoned  and  without  openings,  the 
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weight  carried  by  the  girder  can  safely  be  assumed  as  the 
weight  of  a  triangular  piece  of  brickwork,  whose  altitude  is 
one-third  of  the  span  of  the  girder.  If  the  wall  is  newly 
built,  or  has  openings  for- windows  or  other  purposes,  the 
girder  must  be  designed  to  carry  the  entire  wall  above  it 
between  the  supports. 

Example.— Required,  the  size  of  a  steel  I-beam  girder  to  carry  a  wall 
12  inches  thick,  made  of  hard  brick  laid  in  lime  mortar;  there  are  no 
openings  in  the  wall  above  the  girder,  nor  does  the  wall  support  floor 
joists  or  roof  beams,  while  the  span  of  the  opening  is  24  feet. 

Solution.— Draw  the  diagram  as  shown  in  Fig.  27.  The  area  of 
the  triangular  piece  of  brickwork  is  24  X  4  =  96  sq.  ft.,  since  the  area 
of  a  triangle  is  equal  to  the  base,  multiplied  by  one-half  the  altitude. 
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As  the  wall  is  1  ft.  thick,  there  are  96  cu.  ft.  in  this  triangular  piece. 
The  weight  of  brickwork  in  lime  mortar  per  cubic  foot  is  120  lb. 
Then,  96  X  120  =  11,520  lb.,  the  load  on  the  girder. 

The  bending  moment  may  be  determined  by  the  formula  or  rule 
given  in  Beams  and  Girders,  Part  1,  for  a  beam  carrying  a  triangular 
load,  or  it  may  be  determined  by  calculating  the  moments,  as  follows: 
The  reactions  at  the  two  supports  are  each  equal  to  half  the  load,  or 
11,520  ^  2  =  5,760  lb.  The  greatest  bending  moment  is  at  the  center 
of  the  beam.  Then,  the  moment  of  the  reaction  about  the  point  x 
is  5,760  X  12  =  69,120  ft. -lb.  But,  counteracting  this,  and  to  be 
deducted  from  it,  is  the  moment  of  the  load  at  the  left  of  sc,  equal  to 
half  of  the  triangular  piece  of  brickwork.  The  moment  of  this  load 
about  the  point  x  is  equal  to  the  product  of  its  weight,  multiplied  by 
the  horizontal  distance  from  a  vertical  line  through  its  center  of  gravity 
to  the  point  x.  Take  the  line  a  6  as  the  base  of  a  triangle,  remember- 
ing that  a  line  drawn  parallel  to  the  base  line  of  a  triangle,  at  a 
distance  of  one-third  of  the  altitude  from  it,  always  passes  through  its 
center  of  gravity.  Now,  the  distance  from  the  point  x  to  the  vertical 
line  through  the  center  of  gravity  »k  of  the  triangle  is  4  ft.,  and  the 
moment  due  to  the  triangular  piece  of  brickwork  to  the  left  of  the 
center  is  5,760  X  4  =  23,040  ft. -lb.  Deducting  this  from  the  moment 
of  the  reaction  already  found,  the  calculation  is:  69,120  —  23,040 
=  46,080  ft. -lb.,  the  bending  moment  on  this  beam  or  •girder;  or, 
46,080  X  12  =  552,960   in. -lb.     This  calculation  may   be  checked    by 

WL 
applying  the  formula  — ^ .     The  bending  moment,  in  inch-pounds, 

being  552,960,  using  a  safe  working  value,  or  fiber  stress,  of  15,000  lb., 
the  section  modulus  required  would  be  552,960  -^  15,000  =  36.86. 
From  the  table  in  Properties  of  Sections,  it  is  seen  that  the  section 
modulus  of  a  12-in.  35  lb.  beam  is  38,  which  gives  the  required 
strength  in  this  case.  It  may  be  found  to  be  better  practice  to  use  two 
channels  instead  of  one  I  beam,  for  the  top  flange  of  the  I  beam  may 
be  too  narrow  to  properly  support  the  brick  wall,  while  the  two  chan- 
nels placed  side  by  side,  with  separators  between,  could  be' made  of 
the  same  thickness  as  the  wall. 

22.  Connections. — The  standard  connections  for  the 
principal  sizes  and  weights  of  steel  I  beams  are  illustrated 
in  Fig.  28.  These  connections  are  based  on  an  allowable 
shearing  stress  of  10,000  pounds  per  square  inch,  a  bear- 
ing stress  of  20,000  pounds  per  square  inch  on  the  bolts, 
and  an  extreme  fiber  stress  of  16,000  pounds.  They  may  be 
used  for  beams  whose  spans  are  not  less  than  those  given  in 
Table  III. 
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TABLE    III 
JIINIMUM    SPANS    FOR  I  BEAMS,  WITH   STANDARD  CONNEC- 
TIONS, THAT   ARE   UNIFORMLY    LOADED   TO   REALIZE 
A    UNIT    STRESS    OF    16,000    POUNDS 


Depth 

of 
Beam 

Weight 
Foot 

Minimum 
Safe 
Span 

Depth 

of 
Beam 

Weight 
per 
Foot 

Minimum 
Safe 
Span 

Depth 

of 
Beam 

Weight 
per 
Foot 

Minimum 
Safe 
Span 

Inches 

Pounds 

Feet 

Inches 

Pounds 

Feet 

Inches 

Pounds 

Feet 

3 

5-50 

1-7 

9 

30.0 

6.8 

IS 

80.0 

iS-9 

3 

6.50 

1.2 

9 

35-0 

7-5 

15 

85-0 

16.4 

3 

7-So 

1.2 

10 

25.0 

9-3 

IS 

90.0 

17.0 

4 

7-50 

2.8 

10 

30.0 

8.1 

15 

95-0 

17-S 

4 

8.50 

2.2 

10 

35-0 

8.8 

IS 

100. 0 

18.1 

4 

9-50 

2.0 

10 

40.0 

9.6 

18 

55-0 

13-7 

4 

10.50 

2.2 

12 

31-5 

7-3 

18 

60.0 

11.9 

S 

9-75 

4.1 

12 

35-0 

T-1 

18 

65.0 

11.8 

s 

12.25 

3-J 

12 

40.0 

8.2 

18 

70.0 

12.4 

5 

14-75 

3-7 

12 

45-0 

.  9-6 

20 

65.0 

13-9 

6 

12.25 

5-6 

12 

50.0 

10.2 

20 

70.0 

12.5 

6 

14-75 

4.8 

12 

55-0 

10.8 

20 

75-0 

12.8 

6 

17-25 

5-3 

IS 

42.0 

10.2 

20 

80.0 

14.8 

7 

15.00 

4-9 

15 

45-0 

9-4 

20 

85-0 

IS-2 

7 

17-50 

3-8 

15 

50.0 

9-7 

20 

90.0 

15-7 

7 

20.00 

3-6 

IS 

55-0 

10.3 

20 

95-0 

16.2 

8 

18.00 

6.2 

15 

60.0 

10.8 

20 

100. 0 

16.7 

8 

20.25 

5-1 

IS 

65.0 

12.8 

24 

80.0 

17.7 

8 

22.7s 

4.8 

15 

70.0 

13-4 

24 

85.0 

16.1 

8 

25-25 

5-1 

15 

75-0 

13-9 

24 

90.0 

16.1 

9 

21.00 

1-1 

15 

80.0 

14-5 

24 

95-0 

16.6 

9 

25.00 

6.2 

24 

100. 0 

17-1 

Beams  that  are  shorter  than  this  are,  as  a  consequence, 
able  to  support  greater  loads  without  exceeding  the  unit 
stress  of  16,000  pounds  on  which  the  standard  connections 
are  based.  The  joints  illustrated  would,  in  such  cases,  be 
exposed  to  a  stress  greater  than  that  for  which  they  are 
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intended.  To  avoid  such  excessive  stresses  the  minimum 
safe  spans  have  been  specified  in  Table  III  for  the  various 
beams.  The  larger  beams  to  which  these  connections  are 
made  are  supposed  to  have  webs  not  less  than  A  inch  in  thick- 
ness. If  these  beams 
or  girders  are  framed 
opposite  one  another, 
into  another  beam  or 
girder  whose  web  is 
less  in  thickness  than 
T^  inch,  the  length  of 
the  minimum  spans 
should  be  increased. 
The  reason  for  this 
is  that  a  thinner  web 
cannot  carry  so  large 
a  load.  To  prevent 
the  overloading  of 
the  connections  it  is 
necessary  to  increase 
the  length  of  the 
spans  of  the  adjoining  beams  in  the  ratio  of  the  i^-inch 
web  to  the  thickness  of  the  thinner  web. 

For  instance,  a  beam  7  inches  deep,  weighing  20  pounds 
per  foot  should,  according  to  Table  III,  have  a  minimum  span 
of  3.6  feet  when  connected  to  a  beam  with  a  i^-inch  web.  In 
case  the  latter  web  is  only  f  inch  thick,  the  following  pro- 
portion will  give  the  length  x  of  the  longer  beam  required: 

^  •  3-6  =  :^  :  ^.  or  ^  =  ^-"^4^  =  5.4  feet 
lb     lb  Te 

The  standard  connections  given  are  designed  for  Te-inch 
holes  and  f-inch  diameter  rivets  or  bolts.  Connection  angles 
may,  if  so  specified,  be  riveted  instead  of  bolted  to  the 
beams;  but,  unless  otherwise  ordered,  bolted  connections 
are  generally  used. 

When  beams  having  very  short  spans  are  loaded  to  their 
full  capacity,  the  shear  at  the  end,  which  must  be  transmitted 
through  the  connections,  becomes  so  great  that  connections 
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stronger  than  the  standard  must  be  used.  Table  III  gives  the 
limits  of  lengths  below  which  the  standard  connections  can- 
not be  used  and  below  which  special  designs  should  be  made. 
Where  floorbeams  of  different  depths  are  to  be  joined  to  a 
larger  girder  and  the  tops  or  bottoms  of  the  beams  are  to  be 
level,  a  special  construction  is  required.  An  example  of  this 
is  given  in  Fig.  29  (a),  in  which  two  beams  are  joined  with 
their  tops  flush.  It  was  necessary  to  cut  the  flange  of  one 
enough  to  receive  half  the  flange  of  the  other,  as  shown 
in  (6).     This  method  of  cutfing  the  beam  is  called  coping. 


LATERAL,  STRENGTH  OF  BEAMS 

23.  Obtaining  the  Fiber  Stress  of  Beams. — Where 
beams  are  subjected  to  a  horizontal  force  in  addition  to  the  ver- 
tical load,  some  means  must  be  provided  to  resist  the  lateral 
flexure.  The  beams  in  a  floor  composed  of  arches  receive 
a  horizontal  thrust  in  addition  to  the  vertical  load.  It  is 
assumed  that,  for  the  interior  beams,  the  thrusts  on  opposite 
sides,  due  to  the  dead  load,  balance  each  other;  therefore,  the 
horizontal  thrust  is  calculated  for  the  live  load  only.  How- 
ever, in  beams  which  receive  a  thrust  on  one  side  only,  as 
end  beams,  and  beams  around  shafts^  and  wells,  the  total 
load  is  used  in  figuring  the  horizontal  thrust.  The  total 
stress,  due  to  both  the  horizontal  and  vertical  loads,  should 
not  exceed  the  allowable  fiber  stress.  The  stress  due  to  the 
lateral  force  is  obtained  by  the  formula 

Tex'  if'\ 

Sh  =  — —  (5) 

in  which  Sh  =   stress,  in  pounds  per  square  inch,  due  to 
lateral  forces; 
T  =   thrust  of  arch,  in  pounds  per  lineal  foot; 
c  =  distance  of  extreme  fiber  from  neutral  axis, 

in  inches; 
X  =  distance    between    tie-rods    or   lateral   sup- 
ports, in  feet; 
/'   =   moment    of    inertia    about    vertical  axis   of 
section,  or  axis  at  right  angles  to  line  of 
application  of  lateral  forces. 
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When  the  web  of  the  I  beam  is  placed  vertically,  as  usual, 
c  is  equal  to  -,  b  representing  the  width  of  the  flange  in 
inches.     Then  the  preceding  formula  becomes 

The  formula  is  derived  from  the  equation,  bending  moment 
M  =  resisting  moment  M^ . 

The  portion  of  the  beam  between  two  adjacent  tie-rods 
may  be  regarded  as  a  beam  with  fixed  ends;    the  bending 

moment  for  a  uniform  load  will  then  be .     The  distance 

12 

between  supports  is  represented  by  x  in  formula  5;  there- 
fore, X  will  be  used  in  this  formula  instead  of  L,  while 
instead  of  IV,  the  thrust  per  lineal  foot,  or  T,  will  be  used. 
The  load  is  equal  to   Tx  and  the  bending  moment  created 

7"x  X  12  ;«r 
by  it  is ^ ,  or  Tx",  considering  the  span  in  inches,  as 

usual. 

The  resisting  moment  is  equal  to  the  section  modulus 
multiplied  by  the  safe  unit  fiber  stress,  or  55.  As  explained 
in  Properties  of  Sections,  the  section  modulus  is  equal  to  the 
moment  of  inertia  divided  by  the  distance  from  the  neutral 

axis  to  the  farthest  edge  of  the  section,  or  5  =  -.     In  this 

c 

case,. the   moment  of  inertia  is   taken  with  respect  to  the 

neutral  axis  parallel  to  the  web;  consequently,  c  equals  half 

the  width  of  the  flange,  or  -,  and  5  =  --.     Hence,  substi- 

2  0 

tuting  the  values  thus  obtained  for  M  and  yJ/,  gives  Tx' 

24.  Obtaining  the  Horizontal  Thrust. — The  hori- 
zontal thrust  is  found  by  the  formula 

T=^^  (7) 

2r 
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in  which  T  =  pressure  or  thrust,  in  pounds  per  lineal  foot 
of  arch; 
w  =  load  on  arch,  in  pounds  per  square  foot,  uni- 
formly distributed; 
L  —  span  of  arch,  in  feet; 
r  =  rise  of  arch,  in  inches. 
The  thrust  of  an  arch  having  a  concentrated  load  at  the 
center  equal  to  W,  is  found  from  the  formula 

r 
If  the  floor  arch  is  flat,  the  value  of  r  may  be  taken  as  the 
effective  depth  of  the  arch,  as  will  be  explained  later. 

25.  Obtaining  the  Resultant  Stress. — In  a  simple 
beam  a  vertical  load  produces  a  maximum  compressive 
stress  of  Sv  at  the  extreme  fop  fibers  and  a  maximum  tensile 
stress  of  s.v  in  the  extreme  bottom  fibers.  A  horizontal  load, 
as  the  thrust  of  an  arch,  will  produce  a  compressive  stress 
of  Sh  in  the  extreme  fibers  on  the  side  toward  the  thrust 
and  a  tensile  stress  of  Sh  on  the  fibers  farthest  from  the 
thrust.  Therefore,  the  compressive  stress  due  to  both 
vertical  and  horizontal  loads,  on  the  upper  surface  of  the 
beam  at  the  corner  toward  the  horizontal  thrust,  is  s.„  +  Sh. 
On  the  corner  of  the  beam  diagonally  opposite,  there  is  a 
tensile  stress  of  5^  +  Sh-  On  the  other  corners  the  resultant 
stresses  are  $■„  —  Sh  and  su  —  s.„. 

26.  Therefore,  i„  +  Sh  should  equal  the  safe  working 
stress  per  square  inch  of  the  material  in  the  beam.  It  is 
customary  when  combining  stresses  due  to  vertical  loading 
and  horizontal  arch  thrust,  to  use  a  little  higher  safe  fiber 
stress  than  is  usual  under  other  circumstances,  because  the 
mortar  in  the  joints  of  the  arch  takes  up  a  considerable  part 
of  the  horizontal  thrust.  For  interior  beams,  the  safe  stress 
is  taken  at  20,000  pounds  per  square  inch  and  for  exterior 
beams,  18,000  pounds  is  allowed;  hence,  the  formula  for 
interior  beams  may  be  written 

s^-\-  s^  =  20,000  pounds  (9) 

and  for  exterior  beams, 
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s^  +  Sa  =  18,000  pounds  (10) 

In  each  of  the  above  formulas,  however,  s„  must  not 
exceed  16,000  pounds,  which  is  the  same  quantity  that  is 
usually  taken  for  the  safe  working  unit  tensile  stress. 

Example. — Determine  whether  15-inch  42-pound  I  beams  have 
sufficient  strength  to  support  a  brick-arch  floor  over  a  span  of  15  feet. 
The  rise  of  the  arches  is  assumed  to  be  6  inches,  the  span  is  taken  at 
4  feet,  and  it  is  decided  to  place  the  tie-rods  4  feet  apart.  The  dead 
load  is  150  pounds  per  square  foot  and  the  live  load  200  pounds  per 
square  foot. 

Solution. — The  thrust  of  the  arch,  due  to  the  live  load,  is  obtained 

3  w  A* 
from    formula    1 ,   T  =  — where    w  =  200   pounds   per   square 

foot,  Z,   =  4  feet,  and  r  =  6  inches;  therefore, 

„       3  X  200  X  4  X  4        .„„  ,, 

^  =  2^% =  ^"^  ^^-  P^"^  "• 

From    the   table    giving    the   properties   of    standard   I   beams   in 

the    paper    on    Properties   of  Sections,  the    moment    of    inertia   with 

respect  to  an  axis  parallel  to  the  web  of  a  15-in.  42-lb.  I  beam  is  14.62 

and  the  width  of  the  flange  b  is  5.50.     Then  substituting  in  formula  6 

r     .1,    V      ,     .:.      1               800  X  5.50  X  5  X  5       „_„„,,  ,  r      .^ 

for  the  live  load  only,  Sh  =  „ =  3,762  lb.,  and  for  the 

.  *  1  ,     A             1,400X5.50X5X5 
total  load,  sh  =  ^  y  14  62 ^     ' 

The  section  modulus  of  this  beam,  obtained  from  the  same  table 
in  Properties  of  Sections,  is  58.9;  therefore, 

Wl       350  X  4  X  15  X  15  X  12       .  _„  ,, 

'"=8-5=  8^^58:9 =  ^'"^^  '^- 

Now  for  the  inside  beams  j„  =  8,022,  which  is  less  than  the  allowable 
stress  of  16,000,  and  s^  +  Sh  =  8,022  +  3,762  =  11,784,  which  is  less 
than  the  allowable  stress  of  20,000;  therefore,  the  inside  beams  are 
sufficiently  strong.  For  the  outside  beams  s^  -\-  Si,  =  8,022  +  6,583 
=  14,605,  which  is  less  than  the  allowable  stress  of  18,000;  hence,  these 
beams  are  also  amply  strong. 


SPACING    OF    TIE-KOBS 

27.  When  an  arch  is  placed  between  two  beams,  tie-rods 
should  be  supplied  to  resist  its  thrust.  The  conditions  are 
.shown  in  Fig.  30,  in  which  adcd  represents  a  flat  tile  arch 
sprung  between  the  I  beams  e  and  /.  In  this  case  the  nominal 
depth  of  the  arch  is  considered  as  10  inches.    The  dotted  line 
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dgc  represents  the  theoretical  line  of  pressure  in  the  flat  arch 
whiles  A  may  be  considered  as  the  theoretical  rise,  or  as  it 
is  called,  the  effective  depth  of  the  arch.     The  point  g  may  be 


-^  .^   T 


taken  as  a  center  of  moments,  and  the  thrust  of  the  arch  to 

be  resisted  by  the  tie-rods  may  be  represented  by  the  force  T. 

For  a  section  1  foot  in  width,  the  load  on  one-half  of  the  arch 

■  "w  L/ 

is  equal  to  — — -  when  w  equals  the  load  per  square  foot  of 

surface  and  L  the  span  of  the  arch,  in  feet.  The  moment  of  the 
force  y  about  the  pointy  must  equal  the  moment  of  the  load 
about  the  same  point;  and  as  the  lever  arm  r  of  the  force  T 
is  in  inches,  the  lever  arm  of  the  load  must  also  be  in  inches 
in  order  to  equate  the  expressions;  hence,  the  lever  arm  of 

the  load  will  be  ^  and  its  moment  ^^  X  ^^'=  ^J^LI^ 
4  2  4  2      ■ 

The  moment  of  the  force  T  about  the  point  g  is  Tr. 
Then,    as    these  moments    must   be   equal,    Tr  =  — ??ijtt. 

The  strength  of  one  rod  is  equal  to  its  area  A  multiplied  by 
its  safe  unit  fiber  stress,  and  this  value  divided  by  the  resist- 
ance T  required  in  1  foot  of  length  of  beam  will  give  the 
distance  between  rods.  Hence,  assuming  the  safe  unit  fiber 
stress  to  be  15,000  pounds,  the  spacing  of  the  rods  is 
obtained  from  the  formula 

\^^^X  15.000  (11) 


From  the  formula  Tr  =  ^^^',  the  value  of  T  is  found 
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to  be  — .     Substituting  this  value  for  T  in  formula  11 

gives  X  I  £i^iMOP_  ,,  ^  ^  ^X  15,000X2.  ^^^^^^^ 

ation  the  formula  becomes 

X  =  10,000^  (3^2) 

w  L' 

In  the  formulas  just  given,  the  load  w  includes  the  weight 
of  the  arch  as  well  as  the  load  on  it.  Ordinarily,  f-inch 
tie-rods  are  used  in  floor  construction;  these  should  not  be 
placed  farther  apart  than  6  feet.  In  calculating  the  spacing 
of  the  rods  the  area  should  be  taken  at  the  root  of  the  thread. 

Example. — In  the  example  in  Art.  26,  what  size  rods  will  be 
required  if  they  are  placed  5  feet  apart? 

Solution. — Transposing  formula  X'i,  A  =  .,„  „^„    ;  then  substitu- 

10,000  r 

ting  the  values  obtained  from  the  example  in  Art.  26  in  this  formula 

gives 

.       5X350X16         ..„ 

^  =    10,000  X  (T-  =  -^^  '"^^  ■"■ 

A  1-in.  rod,  which  has  an  area  of  .550  sq.  in.  at  the  root  of  the 
thread  is  the  nearest  commercial  bar  that  can  be  used,  for  a  l-in.  rod 
has  an  area  at  root  of  thread  of  only  .420  sq.  in.     Ans. 

28.  The  effective  depth  and  nominal  depth  of  flat  tile 
arches,  in  inches,  are  given  below: 

Nominal  depth  .    .    6.0     7.0     8.0    9.0     10.0     12.0 
Effective  depth      .    3.6     4.6     5.6     6.6      7.6      9.6 

Example. — What  should  be  the  greatest  distance  between  tie-rods 
that  resist  the  thrust  of  an  8-inch  tile  arch  having  a  span  of  4  feet? 
The  diameter  of  the  rods  is  |  inch,  and  the  arch  carries  a  load  of 
120  pounds  per  square  foot. 

Solution. — The  area  of  the  rod  at  the  root  of  the  thread  is  found  to 
be  .302  sq.  in.,  and  the  weight  of  the  arch,  including  the  filling,  floor- 
ing, and  ceiling  is  found  to  be  63  lb.  per  sq.  ft.;  therefore,  the  total 
load  per  square  foot  is  120  +  63  =  183  lb.  From  the  above  table,  the 
effective  depth  of  the  arch  is  found  to  be  5.6  in.  Substituting  these 
values  in  formula  10  gives 

.302  X  5.6  X  10,000 


183  X  4  X  4 


5.77,  or  5  ft.  9  in.    Ans. 
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29.  In  designing  a  floor  system  for  the  support  of 
fireproof  arches  of  brick,  it  is  advisable  to  provide  tie-rods 
throughout  the  system.  Though  the  beams  supporting  many 
portions  of  the  floor  will  not  be  subjected  to  a  material  thrust, 
from  the  fact  that  adjacent  arches  react  against  each  other, 
nevertheless,  in  actual  construction  it  is  often  convenient  to 
lay  the  arches  in  alternate  panels,  and  the  wooden  centers  are 
frequently  removed  from  one  panel  to  the  adjacent  one. 
Where  a  single  arch  is  supported  on  two  I  beams,  as  shown 
in  Fig.  31  (a),  each  beam  is  subjected  to  a  lateral  force  equal 
to  the  thrust  of  the  arch,  and  in  proportioning  such  beams 
for  the  floor  load,  this  lateral  thrust  should  be  considered  in 
conjunction  with  the  vertical  load  on  the  beam,  in  order 
to  determine  the  ultimate  unit  stress. 


J^^ssssm<immasasJ__ 


(a) 


Fig. 31 

Considering  the  system  of  arch  construction  shown  in 
Fig.  31  (d)  from  the  center  beam  x  outwards  each  way,  it 
will  be  noticed  that  the  arches  a,  a  react  on  the  beam  x  and 
their  thrusts  are  balanced.  Likewise,  the  thrust  of  the 
arches  a  and  b  are  balanced  on  the  beam  Xi,  and  in  a  similar 
manner  d  and  c  react  against  each  other.  The  horizontal 
thrust  of  the  arch  c  must  be  provided  for  in  the  beam  x^  and 
sufficient  transverse  lateral  resistance. must  be  obtained  either 
by  the  use  of  a  larger  beam,  or  tie-rods  must  be  placed  at 
frequent  intervals.  If  tie-rods  connect  all  the  beams  in  the 
series,  the  effect  is  the  same  as  though  a  continuous  tie-rod 
extended  from  the  beam  .r,  to  the  beam  Xe,  and  the  outward 
thrusts  of  the  system  due  to  the  arches  c  and  d  are  resisted 
by   the    series    of    tie-rods.     If  the  tie-rods  in  the  bay  yy 
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toward  the  center  of  the  system  are  omitted  for  reasons  of 
economy  or  design,  the  thrust  of  the  arch  a  is  resisted  by  the 
transverse  strength  of  the  three  beams  x,,  x^,  and  x,.  In 
large  floor  systems,  however,  if  it  is  possible  to  contract  all 
the  arches  at  once,  the  tie-rods  may  be  omitted  in  central 
portions  of  the  system  and  provided  only  for  the  exterior 
beams  and  three  or  four  adjacent  panels. 

30.     It  is  interesting  to  observe  the  effect  of  the  hori- 
zontal force  on  the  bending  moment  in  a  beam  supporting 


"4^ 


Fig.  32 


arches  and  tied  to  the  adjacent  beam  by  tie-rods.  Such  a 
beam  is  subjected  to  two  bending  moments — -one  vertical 
and  the  other  horizontal.  In  each  case  the  load  is  uniform 
and  the  bending  moment  may  be  represented  by  a  parabola. 
Fig.  32  shows  the  conditions  that  exist,  the  parabola  abc 
representing  the  bending  moment  due  to  the  vertical  load, 
and  def,  fgh,  and  hij  the  bending  moments  between  tie- 
rods  or  support  and  tie-rod.  The  resultant  bending  moment 
is  found  as  shown  in  Fig.  33,  in  which  a  b  represents  the 


42 


BEAMS  AND  GIRDERS 


§13 


length  of  the  beam  and  a  c  the  bending  moment  for  one-half 
of  the  beam.  The  tie-rods  are  located  at  the  points  d  and  e, 
and  af  shows  the  bending  moment  for  one-half  of  the  dis- 
tance between  the  end  support  and  the  first  tie-rod. 

31.  The  bending  moment  at  any  point  on  the  beam  is 
equal  to  the  resultant  of  the  vertical  and  horizontal  bending 
moments;  hence,  the  bending  moment  at  g  is  represented 
by  the  resultant  oi  gh  and  gi  or  the  line  hj.  This  is 
obtained  by  laying  off  gj  at  right  angles  to  hg  and  equal 
to  g  i,  and  joining  h  and  /.  The  divisions  from  x  to  b  are 
made  equal  to  those  from  a  to  x  and  the  line  ///  is  laid  off 
at  i'  h'.     Likewise,  the  bending  moment  at  k  is  equal  to  the 


Fig.  33 


resultant  oi  kl  and  km,  or  In,  and  this  distance  is  laid  off 
at  n'  I'.  The  bending  moment  at  the  succeeding  points 
is  found  in  a  similar  manner  until  the  first  tie-rod  is  reached. 
The  horizontal  thrust  is  counteracted  at  this  point  and  hence 
no  horizontal  bending  moment  is  produced.  Therefore, 
the  distance  do  is  laid  off  at  eo'  and  the  resultant  bending 
moments  at  the  remaining  points  are  laid  off  as  explained. 
A  curve  drawn  through  the  points  thus  determined, 
as  bh'  I'o'c',  represents  the  resultant  bending  moment  on 
one-half  of  the  beam. 

Example  1. — What  size  I  beam  is  required  to  support  a  tile  arch  on 
one  side  for  a  distance  of  20  feet,  the  conditions  being  as  follows: 
The  span  of  the  arch  is  5  feet;  its  nominal  depth,  10  inches;  and  the 
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weight,  including  filling,  flooring,  etc.,  is  69  pounds  per  square  foot; 
the  live  load  is  150  pounds  per  square  foot.  The  tie-rods  are  j  inch  in 
diameter  and  the  allowable  unit  fiber  stress  of  the  beam  is  18,000  pounds. 

Solution. — The  spacing  of  the  rods  is  found  from  formula  12; 

thus  X  =  :302J<_L6_X_1M2?  =  4  19  ft 
thus,  X  -         219  X  5  X  5  *-^^  "■ 

The   lateral   thrust   of   the  arch  is  determined   from   formula   7, 

T  =  '^^fl^l~  =  1,080.59,  or,  say,  1,081  lb. 

Assuming  a  12-in.  31.5-lb.  beam,  the  values  of  *and  /'are 5  and  9.5, 
respectively.     Substituting  these  values  in  formula  5,  gives 
1,081  X  5  X  4.19  X  4.19        .  ...  „ 

Sh  = 2x9  5 ^     '  P^""  ^*^"  '"■ 

Hence,  18,000  -  4,994  =  13,006  lb.  per  sq.  in.  Now  the  section  modu- 
lus for  this  beam  under  a  vertical  load  is  found  from  Properties  of 
Sections  to  be  36.     Therefore, 

Wl        219  X  5  X  20  X  20  X  12        o  10- .- iq  nns  ,k 
'"  =  85  =  2X8X36 =  9,12o<  13,006  lb.  per  sq.  m. 

Hence,  a  12-in.  31.5-lb.  beam  is  sufficiently  strong.  A  10-in.  30-lb. 
beam  by  a  similar  calculation  would  be  found  too  light;  consequently, 
a  12-in.  31.5-lb.  beam  is  the  lightest  one  that  is  safe  under  the  given 
conditions. 

Example  2. — What  size  I  beam  will  be  required  to  support  a  tile 
arch  on  each  side,  for  a  distance  of  18  feet?  The  span  of  the  arch  is 
5  feet;  the  nominal  depth,  9  inches;  and  the  spacing  of  the  tie-rods  is 
4  feet.  The  live  load  is  160  pounds  per  square  foot,  and  the  dead  load 
is  40  pounds  per  square  foot. 

17          t          ^     r,    T       3  X  160  X  5  X  5 
Solution.— From  formula  1 ,  T  =  „      „  „ =  909  lb.  per  ft. 

Assuming  a  12-in.  31.5-lb.  I  beam,  the  values  of  b  and  /'  are  5  and 

9.5,  respectively.     Substituting  these  values  in  formula  6, 

909  X  5  X  4  X  4       „  007  ,k 

Sh  =  2x95 ^  ^^''  ^^'  '"■ 

The  section  modulus  of  a  12-in.,  31.5-lb.  beam  is  36.     Then  the 

.     Wl 
vertical  stress  Sv  is  -3-^.,  or 

(160  +  40)  X  5  X  18  X  18  X  12        ,0  ^^n  ,. 
s^  = —     g^gg =  13,500  lb.  per  sq.  m. 

Then,  as  s^  =  13,500  <  16,000,  and  s^  +  Sh  =  13,500  +  3,827 
=   17,327  <  20,000,  the  beam  assumed  is  sufficiently  strong. 


EXAMPLES    FOR    PRACTICE 

1.    What  size  I  beam  will  be  required  to  support  a  tile  arch  on  one  side 
over  a  distance  of  18  feet?    The  nominal  depth  of  the  arch  is  9  inches 
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and  it  has  a  span  of  4  feet.  The  weight  of  the  arch,  including  filling, 
flooring,  and  ceiling,  is  65  pounds  per  square  foot  and  the  load  to  be 
supported  by  it  is  135  pounds  per  square  foot.  The  only  lateral  sup- 
port is  the  usual  tie-rods,  in  this  case  f-inch  rods,  spaced  according  to 
formula.  Ans.  10-in.  25-lb.  beam 

2.  The  outside  beam  of  a  floor  system  supporting  brick  segmental 
arches  is  connected  with  the  other  beams  by  the  usual  f-inch  tie-rods, 
and  it  is  to  have  a  safe  unit  fiber  stress  of  18,000  pounds.  The  span 
of  the  arch  is  4  feet,  the  rise  or  effective  depth  6  inches,  and  its 
weight  130  pounds  per  square  foot.  The  live  load  is  200  pounds  per 
square  foot  and  the  span  of  the  beam  is  22  feet.  What  size  I  beam 
will  be  required?  Ans.  12-in.  Sli-lb.  I  beam 


BEARING     PLATES 

32.  Beams  resting  on  masonry  walls  or  piers  will  usually 
require  bearingf  plates  to  distribute  the  load  over  an  area 
such  that  the  safe  bearing  value  of  the  masonry  will  not  be 
exceeded.  These  bearing  plates  are  usually  of  steel  or 
cast  iron,  though  stonfe  templets  are  sometimes  used.  The 
method  of  computing  the  size  required  is  explained  in 
Statics   of  Masonry,  Part    1. 

Table  IV  gives  the  bearing  value,  in  pounds,  for  plates 
of  various  sizes  bearing  on  the  different  kinds  of  masonry. 
As  the  thickness  of  the  plate  is  not  stated,  it  must  be  com- 
puted for  each  case.  It  depends  on  the  allowable  load  and 
unit  stress  and  the  width  of  the  beam  or  channel  resting  on 
it,  and  may  be  determined  by  the  following  formula: 


t  =  . 


^^-^WJ/     (1^) 


in  which  t  =  thickness  of  plate,  in  inches; 

/  =  length  of  plate  perpendicular  to  axis  of  beam, 

in  inches; 
b  =  width  of  flange  of  beam  or  channel,  in  inches; 
J?  =  reaction  at  point  of  support,  in  pounds; 
b'  =  width  of  plate,  in  inches,  in  direction  of  axis- of 

beam  or  channel; 
s^  =  allowable  stress,  in  pounds  per  square  inch,  on 
extreme  fiber  of  plate. 
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TABLE    IV 
BEARING    PLATES    EOK    1    BEAMS    AND    CHANNELS 


Size  of 
Plate 
Inches 

Safe  Bearing:  Value  of  Plates,  in  Pounds 

§1 

Ordinary 

Stone 
Masonry 

Good 

Stone 

Masonry 

Brick  in 

Lime 

Mortar 

Brick  in 

Rosendale 

Cement 

Mortar 

Brick  in 
Portland 
Cement 
Mortar 

4 

4X4 

2,880 

4,800 

1,600 

2,400 

3,200 

4 

4X6 

4,320 

7,200 

2,400 

3,600 

4,800 

4 

4X8 

5,766 

9,600 

3,200 

4,800 

6,400 

6 

6X6 

6,480 

10,800 

3,600 

5,400 

7,200 

6 

6X8 

8,640 

14,400 

4,800 

7,200 

9,600 

6 

6X  lo 

10,800 

18,000 

6,000 

9,000 

12,000 

8 

8X8 

11,520 

19,200 

6,400 

9,600 

12,800 

8 

8X  10 

14,400 

24,000 

8,000 

12,000 

16,000 

8 

8  X  12 

17,280 

28,800 

9,600 

14,400 

19,200 

10 

10  X  10 

18,000 

30,000 

10,000 

15,000 

20,000 

10 

10  X  12 

21,600 

36,000 

12,000 

18,000 

24,000 

10 

10  X  14 

25,200 

42,000 

14,000 

21,000 

28,000 

12 

12  X  12 

25,920 

43,200 

14,400 

21,600 

28,800 

12 

12  X  14 

30,240 

50,400 

16,800 

25,200 

33,600 

12 

12  X  16 

34,560 

57,600 

19,200 

28,800 

38,400 

12 

12  X  18 

38,880 

64,800 

21,600 

32,400 

43,200 

14 

14  X  14 

35,280 

58,800 

19,600 

29,400 

39,200 

14 

14  X  16 

40,320 

67,200 

22,400 

33,600 

44,800 

14 

•14X18 

45,360 

75,600 

25,200 

37,800 

50,400 

14 

14  X  20 

50,400 

84,000 

28,000 

42,000 

56,000 

i6 

16  X  16 

46,080 

76,800 

25,600 

38,400 

51,200 

i6 

16  X  18 

51,840 

86,400 

28,800 

43,200 

57,600 

l6 

16  X  20 

57,600 

96,000 

32,000 

48,000 

64,000 

i6 

16  X  22 

63,360 

105,600 

35,200 

52,800 

70,400 

i8 

18  X  18 

58,320 

97,200 

32,400 

48,600 

64,800 

i8 

18  X  20 

64,800 

108,000 

36,000 

54,000 

72,000 

i8 

18  X  22 

71,280 

118,800 

39,600 

59,400 

79,200 

I8 

18  X24 

77,760 

129,600 

43,200 

64,800 

86,400 

20 

20  X  20 

72,000 

120,000 

40,000 

60,000 

80,000 

20 

20  X  22 

79,200 

,132,000 

44,000 

66,000 

80,000 

20 

20  X  24 

86,000 

144,000 

48,000 

72,000 

96,000 

20 

20  X  26 

93,600 

156,000 

52,000 

78,000 

104,000 
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If  the  allowable  unit  stress  in  the  extreme  fiber  for  steel  is 
considered  as  16,000  pounds,  the  formula  may  be  written: 

i  =  .00685(1 -b)yj^-  (14) 

Example. — What  size  steel  bearing  plate  is  required  in  a  brick 
wall  laid  in  lime  mortar,  to  support  the  end  of  a  12-inch  31.5-pound 
standard  I  beam  having  a  flange  width  of  5  inches,  which  carries  a 
uniformly  distributed  load  of  600  pounds  per  lineal  foot  over  a  span  of 
25  feet?  The  allowable  unit  stress  in  the  extreme  fiber  of  the  plate 
may  be  considered  as  16,000  pounds. 

Solution. — The  bearing  value  required  is  equal  to  the  reaction,  or 
"F-"-  =  7,500  lb.  From  Table  IV,  it  is  seen  that  an  8"  X  10"  plate  will 
give  the  required  bearing  value  for  a  plate  on  bricljworli  laid  in  lime 

mortar.     Substituting  the  values  in  the  formula  t  =  .00685  (/  —  b)-' 


b'l 


gives 


,     r7,500 


t  =  .00685(10  -  5)-\Jg3^  =  .332  in. 


The  nearest  size  above  this  is  |  in.;  hence,  an  8"  X  10"  X  I"  bear- 
ing plate  will  be  required.     Ans. 


EXAMPI^ES    FOR    PRACTICE 

1.  An  18-inch  65-pound  I  beam  having  a  flange  width  of  6.18  inches 
supports  a  uniformly  distributed  load  of  1,000  pounds  per  lineal  foot. 
The  span  of  the  beam  is  32  feet  and  its  ends  rest  on  piers  built  of 
ordinary  stone  masonry.  Provided  that  the  allowable  unit  stress  in 
the  extreme  fiber  of  the  plate  is  16,000  pounds,  what  size  bearing  plate 
will  be  required?  .        /  .515  in.  thiclc 

'*^°^-\8"Xl2"X  iV  plate 

2.  A  steel  lintel  composed  of  two  15-inch  35-pound  channels  placed 
flange  edge  to  flange  edge  supports  the  wall  above  and  also  a  floor 
load,  the  combined  weight  amounting  to  4,000  pounds  per  lineal  foot. 
The  span  is  15  feet,  and  the  over-all  width  of  flange  is  8  inches. 
Assuming  an  allowable  unit  stress  of  16,000  pounds  in  the  extreme 
fiber  of  the  plate,  what  size  bearing  plate  will  be  required  to  support 
the  end  of  the  lintel  on  a  brick  wall  laid  in  Portland  cement  mortar? 

Ans.  12"  X  14"  X  -h"  plate 
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RBBNFORCED   CONCRETE  BEAMS 

33.  Adaptability. — Reenforced  concrete  in  building 
construction  is  beginning  to  occupy  an  important  place  in 
fireproof  and  slow-burning  mill  construction.  Concrete  is 
one  of  the  best  fire  retardants  known  and  is  very  strong 
under  compression,  but  when  subjected  to  a  tensile  stress  it 
is  weak  and  soon  cracks  and  fails.  For  this  reason  it  is 
necessary  to  reenforce  it  with  some  material  that  is  strong 
under  tension,  such  as  steel  or  iron. 

The  reliability  of  reenforced  concrete  depends,  to  a  great 
extent,  on  the  workmanship;  that  is,  reenforced  concrete 
constructed  under  thorough  and  conscientious  supervision 
will  be  as  safe  as  any  other  form  of  construction,  while  if  the 
work  is  carelessly  executed  there  is  a  liability  of  its  failing 
when  least  expected. 

The  increase  in  weight  may  sometimes  be  advanced  as  an 
argument  against  this  construction.  However,  when  the 
saving  in  cost  over  other  methods  of  fireproof  construction 
is  considered,  the  additional  weight  is  a  question  of  little 
importance.  That  this  work  can  be  erected  with  considerable 
speed  has  been  demonstrated  in  several  building  operations 
of  magnitude.  In  the  instance  of  a  building  50  feet  wide 
by  160  feet  long,  having  a  basement  and  four  stories,  the 
concrete  construction  of  the  entire  building  was  completed 
in  12  weeks,  the  plastering  was  finished  in  1  month,  and  the 
entire  structure  was  completed  in  4i  months,  which  was 
34  days  before  the  time  of  completion  stated  in  the  contract. 
As  the  concrete  work  included  the  laying  of  about  35,000 
square  feet  of  floor  and  roof,  in  addition  to  the  columns, 
girders,  etc.,  the  progress  was  remarkable. 

34.  Durability. — That  reenforced  concrete  will  develop 
fire-resisting  qualities  has  been  proved  by  numerous  tests 
and  by  its  behavior  in  conflagrations  of  considerable  magni- 
tude. A  test  was  made  on  reenforced  concrete  composed  of 
one  part  of  Portland  cement,  three  parts  of  gravel,  and  five 
parts   of   trap  rock,  in  which  the  average  temperature  was 
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about  1,800°;  when  it  was  further  subjected  to  the  severe 
condition  of  rapid  cooling  by  water  from  a  hose  under  a 
pressure  of  about  65  pounds  it  revealed:  First,  no  separa- 
tion between  the  reenforced  concrete  girders  and  the  concrete 


Fig.  34 


slab;  second,  no  spalling  of  the  exposed  surfaces  of  the 
floor  system;  third,  only  slight,  superficial  cracks  in  the  under 
surface  of  the  concrete  composing  the  system;  fourth,  a 
fair  condition  of  the  reenforced  concrete  columns,  though 
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shearing  breaks  and  cracks  were  observed  and  one  of  the 
columns  was  buckled  about  i  inch.  This  test  was  made 
under  a  load  of  150  pounds  per  square  foot,  which  was  after- 
wards increased. 

It  was  further  proved  by  the  Baltimore  fire  of  1904  that 
reenforced  concrete  can  at  least  partially  withstand  the  severe 
destructive  effects  of  a  great  fire.  A  survey  of  the  United 
States  Fidelity  and  Guaranty  building  of  that  city,  which  was 
composed  of  floor  systems  carried  by  reenforced  concrete 
columns  and  girders,  showed  that  though  the  cast-iron  front 
and  the  brick  party  wall  of  the  building  had  been  destroyed, 
the  concrete  floor  systems  and  their  supporting  columns 
remained  in  place.  Fig.  34  shows  the  condition  of  the  build- 
ing several  weeks  after  the  fire,  some  of  the  party  wall 
having  been  removed.  When  in  this  condition,  the  floors  of 
the  building  were  tested  without  failure,  the  load  being  400 
pounds  per  square  foot.  Even  the  overhanging  portion  a 
sustained  a  load  of  200  pounds  per  square  foot  without 
damage.  The  reenforced  concrete  of  which  the  structural 
members  of  this  building  were  constructed,  was  composed 
of  crushed  granite,  sand,  and  American  Portland  cement. 
Most  of  the  plaster  in  the  building  had  fallen  from  the  con- 
crete, thus  making  it  evident  that  the  former  afforded  no 
adequate  protection. 

35.  Rigidity  of  Reenforced  Concrete  Construction. 

As  there  are  no  joints,  such  as  the  column  and  girder  con- 
nections, used  in  structural  steel  work,  which  sometimes 
prove  inefficient,  the  structure  is  practically  a  monolith  and 
is,  consequently,  extremely  rigid.  This  construction  is  par- 
ticularly desirable  for  buildings  that  contain  looms,  presses, 
rotary  mills,  etc.,  or  any  machinery  liable  to  run.  in  unison 
and  produce  considerable  vibration,  in  buildings  as  ordinarily 
constructed. 

36.  Comparison  of  tlie  Cost. — An  investigation  of  the 
cost  per  square  foot  of  area  of  reenforced  concrete  when 
compared  with  other  recognized  types  of  good  construction, 
such  as  slow-burning   and  steel-frame  construction,  shows 
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that  it  occupies  a  middle  position  between  the  two,  as  may 
be  observed  froni  the  following  tabulation: 

Slow-burning  construction      $1.07 

Reenforced  concrete 1.45 

Steel  floor  and  roof,  fireproofed 1.85 

As  a  fireproof  construction,  the  reenforced  concrete  is 
cheaper  than  the  steel  frame  fireproofed  with  terra  cotta, 
and  is  cheap  enough  to  be  used  in  mills  and  factories. 

37.     Details  of  Reenforced  Concrete  Construction. 

In  Fig.  35  (a)  is  shown  a  system  of  reenforced  concrete  con- 
struction that  corresponds  to  the  usual  framed  construction 
executed  in  wood.  The  longitudinal  girder  is  made  a  few 
inches  deeper  than  the  cross-girders  to  permit  the  bottom 
rods  in  the  latter  to  rest  on  top  of  those  in  the  longitudinal 
girder.  By  this  means  a  direct  bearing  is  secured  and  the 
straining  of  the  concrete  is  avoided.  Wooden  planks  are 
bolted  to  the  concrete  beams,  to  which  the  sleepers  sup- 
porting the  shafting  may  be  secured.  The  columns  are 
reenforced  by  rods  placed  in  each  corner  and  braced  by 
horizontal  bars.  In  view  (6)  is  shown  the  method  of  anchor- 
ing concrete  beams  to  the  wall.  The  mason  builds  a  dove- 
tailed pocket  in  the  brick  wall  into  which  the  concrete  is 
poured  at  the  same  time  that  the  beam  is  formed.  All 
girders  should  rest  on  cast-  or  wrought-iron  bearing  plates 
placed  in  the  wall.  An  isometric  view  of  the  steel  reenforce- 
ment  is  shown  in  Fig.  35  (c). 

A  type  of  reenforced  concrete  construction  very  similar  to 
the  one  just  describe'd  is  illustrated  in  Fig.  36.  View  (a) 
shows  an  elevation,  partly  in  section,  of  the  reenforced  con- 
crete girder,  while  (6)  represents  an  enlarged  cross-section 
taken  on  the  line  cd.  In  this  case,  the  reenforcement  is 
composed  of  the  plain  round  steel  rods  a,  part  of  which  are 
straight  and  part  bent,  as  shown  in  (a),  these  rods  being 
held  in  place  by  a  number  of  U  bars  or  stirrups  d  of  hoop 
steel.  A  comparison  between  a  steel  girder  and  the  reen- 
forced concrete  girder  may  be  made  by  referring  to  Fig.  37. 
The  lower  flange  of  the  steel  girder  is  replaced  by  the  rods; 
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the  upper  flange,  by  the  concrete  floor  slab;  and  the  web,  by 
the  U  bars  and  the  concrete  rib. 

Experience  has  proved  that  concrete  ribs  that  are  reen- 
forced  with  a  large  percentage  of  metal,  as  is  generally  the 
case,  show  the  first  signs  of  failure  near  the  supports. 
Diagonal  cracks  appear,  caused  by  the  combined  tensile  and 
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Fig.  36 

shearing  stresses.  In  order  to  resist  this  tendency  to  fail, 
some  of  the  rods  are  bent  up  similar  to  the  construction  of  a 
cambered  beam,  as  shown  in  Fig.  36,  the  inclined  portion  of 
the  bent  rods  resisting  the  stress  that  produces  the  diagonal 
cracks.     The  U  bars  hold  the  rods-  in  position  and  prevent 


"T  y  t^rtion  of  Sections 


Fig. 37 

their  breaking  out  of  the  concrete;  they  are  usually  placed 
closer  together  near  the  supports,  as  the  shearing  stresses 
are  maximum  in  that  portion  of  the  beam. 

Concrete   girders   are   seldom  constructed  with  the  ends 
free,   but   are  generally  connected  in   a  monolithic  manner 
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with  other  girders,  making  them  continuous  and,  conse- 
quently, much  stronger  than  girders  freely  supported  at  the 
ends.  The  deflection  is  also  considerably  less  than  in 
girders  with  free  ends. 

Fig.  38  shows  a  perspec- 
tive view  of  the  longitudinal 
section  of  a  reenforced,  or 
armored  concrete,  girder.  A 
connection  between  the  reen- 
forcing  material  in  a  con- 
tinuous girder  and  a  column 
is  shown  in  Fig.  39  (a).  The 
column  is  composed  of  four 
rods  braced  at  intervals  by 
pieces  of  sheet  metal,  as 
shown  in  (d).  If  a  stronger 
column  is  required,  more 
rods  are  used,  as  shown  in 
Fig.  40 ,  where  they  are  tied 
together  by  wires  at  intervals  of  not  more  than  the  diameter 
or  least  side  of  the  column.  The  rods  are  placed  near  the 
surface  of  the  column  in  order  to  give  the   largest  radius 


Fig. 38 


of  gyration  and  to  resist  the  tensile  stresses  produced  by 
eccentric  loading,  wind  pressure,  pull  of  beltings,  etc. 

38.     Size  of  Girders. — The  economical  depth  of  reen- 
forced concrete  girders  is  practically  the  same  as  the  depth 
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of  steel  girders  having  the  same  carrying  capacity.     As  a 

rule,  the  depth  should  not  exceed  one-twentieth  of  the  span. 

The  following   tabulation   shows   the  widths   of  concrete 

beams  that  correspond  to  steel  beams  of  the  same  strength: 

6  inches  for  girders  corresponding  to  12-inch  I  beams. 

8  inches  for  girders  corresponding  to  from  12-inch  to  18-inch 

beams. 
10  inches  for  girders  corresponding  to  from  20-inch  to  24-inch 

beams. 
12  inches  for  girders  corresponding  to  riveted  girders  from 

30  to  40  inches  in  height. 
From  12  to  24  inches  for  girders 
corresponding  to  very  heavy 
box  girders. 


JOHNSON'S    METHOD    OF 
CALCULATION 

39.  The  strength  that  the 
reenforcing  bars  are  required  to 
furnish  may  be  determined  by 
the  following  method: 

When  the  steel  bar  is  rigidly 
attached  to  the  concrete  its  dis- 
tortion is  the  same  as  that  of 
the  concrete  in  the  same  hori- 
zontal plane.  But  the  stresses, 
or  the  resistances  of  the  mate- 
rials to  distortion,  vary  as  their 
rigidities,  or  as  their  moduli  of  elasticity.  The  modulus  of 
elasticity  of  steel  is  usually  taken  at  about  28,000,000,  but 
that  of  concrete  varies  with  the  quality  of -the  material,  and 
in  this  discussion  will  be  considered  as  1,000,000.  Hence,  if 
the  steel  is  twenty-eight  times  as  rigid  as  concrete,  it  resists 
twenty-eight  times  as  much  as  the  same  area  of  concrete 
for  equal  distortions;  and  in  making  the  calculations  for  the 
strength  of  a  concrete  beam,  the  area  of  the  steel  bars  may 
be  replaced  by  an  area  of  concrete  twenty-eight  times  as 


Fig. 40 
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great,  provided  that  it  is  placed  in  the  same  horizontal  plane 
as  the  bars.  Thus,  in  Fig.  41  (b)  the  area  of  the  bars  shown 
in  (a)  has  been  replaced  by  concrete  of  an  area  twenty-eight 


Ueufro//fx/s 


times  the  combined  area  of  the  bars.  Considering  this  new 
section,  the  strength  of  the  beam  to  resist  the  tension  in  the 
concrete  is  determined  from  the  equation 

M.  =  '-^  (15) 

in  which  Si  =  ultimate  unit  .tensile  strength  of  concrete; 

/  =  moment  of  inertia  of  transformed  cross-section; 
f,  =  distance  from  neutral  axis  to  tension  side; 
Mt  =  moment  of  resistance  of  actual  beam. 

If  the  reenforcement  were  not  used,  the  equation  would 


he  M  = 


So  b 


H 


since  —  =  section  modulus,  or 


bd'\ 
6/' 


In 
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this  formula  s„  represents  the  stress  on  the  outer  portion  of 

the  beam  if  no  steel  bars  are  used;   then,  s„  =  — — . 

0  a 

The   tensile  stress  in  the  concrete  at  the  bottom   of  the 

Mc 
beam  may  be  determined  from  the  formula  Si  =  — — ^;   but 

the  moment' of  inertia  for  the  transformed  section  is 

in  which    e  =  distance  from  center  of  beam   to   center  of 
steel  bars; 

m  =  a    value    used    for    convenience  =  —  X  — ^. 

A       £s 

{A  =  area  of  steel  bars;  Be  =  modulus  of 

elasticity    of    concrete;    Es  =  modulus    of 

elasticity  of  steel.) 

Also,  Cx  = /;    but  /  =  — - — ,   and,  therefore,  c^  =  - 

2  m  +  1  2 

-.     Substituting  these  values  in  the  original  formula 

m  +  1 

gives  /i  +  ^_2-\ 

s,  =  si ^  (17) 

The  formula  for  the  compressive  stress  in  the  concrete  at 

the  top  is  /  e 

/   1  +  m  +  2- 

5.  =  J ^1  (18) 

V'-^  +  Ky 

The  steel  bars  are  assumed  to  stretch  the  same  as  the 
concrete  adjacent  to  them,  and  for  any  distance  e  from  the 
center  of  the  beam,  the  total  stress  on  the  steel  bars  is 

2s„ed 


l  +  m+12-^ 


1  +  m  +  12^ 


(19) 


d' 


40.     The  following  example  will  make  clear  the  applica- 
tion of  the  above  formulas: 
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ExAMPLK. — A  concrete  beam  in  a  metal  and  concrete  factory  build- 
ing has  a  span  of  14  feet  and  is  to  be  15  inches  in  width  and  24  inches 
in  depth.  Ten  i"  X  1"  bars  are  embedded  in  the  bottom,  the  center 
of  the  bars  beiitg  2  inches  from  the  edge  of  the  beam,  and  a  load  of 
'1,000  pounds  per  lineal  foot  is  to  be  supported.  Taking  the  safe  unit 
compressive  stress  of  the  concrete  at  250  pounds,  the  safe  tensile 
stress  at  100  pounds  per  square  inch,  and  the  unit  stress  of  the  steel 
that  may  be  developed  before  the  concrete  fails  at  3,000  pounds, 
determine  whether  the  beam  has  sufficient  strength  to  can'y  its  load. 

OM,           ,    ,u     /,•                   .  n^     ^^      1,000X14X14 
Solution. — The  greatest  bending  moment  M=—^—  = r 

o  o 

=  24,500  ft.-lb.  =  294,000in.-lb.;  ..  =  |f  =  4%ff|  =  204i  lb. 

6d^E,        ,     ,       E,  .    ,  ,  1  15X24 

per  sq.  in.;  m  ^  -^  X  ^^,  and  when  -^  is  taken  a.s^^,m  =  Yq^^j^ 

X^  =  2.57. 

/  l  +  m-2~\ 
Substituting  these  values  in  the  formula  Si  =  sj 


\l  +  m  +  12  ^,j 

/l  +  2.57-(2xg)\ 

gives  Si  =  2044    -^ 'r      =  98  lb.  per  sq.  in.    Also, 

\H- 2.57 +  (12X215)/ 

/l  +  2.57  +  (2xg)\ 

s,  =  204i    f ^     =  159  lb.  per  sq.  in. 

\l  + 2.57 +  (12X2^-5)/ 

.1.      .     ,  V,         ■             w       2X204^X10X15 
The  total  stress  on  the  steel  bars  is  equal  to  

l  +  2.57  +  (l2x 


('"i^) 


=  10,841  lb.  The  unit  stress  on  the  steel  will  then  equal  the  result 
just  obtained  divided  by  the  entire  sectional  area  of  the  reenforcing 
metal.  There  being  ten  bars  4  inch  by  1  inch  the  area  of  reen- 
forcing metal  equals  5  and  the  unit  stress  is  10,841  -;-  5  =  2,168  lb. 
As  these  values  are  all  within  the  safe  limit,  the  beam  is  considered  as 
having  sufficient  strength  to  support  its  load.     Ans. 


EANSOME    SYSTEM 

41.  In  the  Ransome  system  of  reenforced  concrete 
construction,  the  square  steel  bars  have  been  twisted  cold, 
by  being  gripped  at  the  ends,  until  the  angle  made  by  the 
edge  with  the  axis  of  the  bar  is  about  20°.     This  makes  the 
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bar  like  a  long  screw  and  the  mortar  of  the  concrete  embeds 
itself  in  the  concave  whorls;  in  order  to  remove  the  bar  an 
area  of  concrete  must  be  sheared  off  equal  to  the  superficial 
area  of  the  cylinder  enclosing  the  bar.  The  bar  is  held 
rigidly  throughout  its  entire  length,  so  that  it  cannot  draw 
out  or  become  loosened  from  the  concrete  when  the  load  is 
applied  to  the  beam.  The  bond  may  be  considered  as  prac- 
tically perfect,  and  the  composite 
beam  can  be  figured  accurately  by 
assuming  that  the  steel  resists  the 
tensile  stress  while  the  concrete 
takes  care  of  the  compression. 
A  formula  in  common  use,  and 
one  that  is  sufficiently  accurate 
for  practical  work,  is  obtained  by 
equating  the  external  force,  or  the 
bending  moment  on  the  beam,  with 
the  resistance  that  the  bars  offer. 
The  point~  about  which  the  bars 
tend  to  revolve  is  considered  as  the  center  of  gravity  of  the 
section  of  concrete  supplying  the  resistance  to  compression; 
this  section  is  assumed  to  be  the  upper  third  of  the  concrete 
beam,  or  abed,  in  Fig.  42.  Disregarding  the  distance  from 
the  bars  to  the  lower  edge  of  the  beam,  which  is  only 
2  or  3  inches,  and  considering  the  center  line  of  the  bars  as 
the  lower  line  of  the  beam  section,  their  lever  arm  about  the 
point  ;t  is  ^d.  Then,  if  SaA  represents  the  strength  of  all 
the  steel  bars,  the  equation  is 


Fig.  42 


Wl 
8 


=    SaAX 


bd 


or 


6 

A  = 


SaA 


Wl 


^bd~ 


Wl 
61  rf 


Wl 
Qidsa 


(20) 


in  which  Sa  =  safe  unit  fiber  stress  of  bars; 

A  =  area  of  steel  bars,  in  square  inches; 
W  =  uniformly  distributed  load  on  beam; 
/  =  span  of  beam,  in  inches; 
d  =  depth  of  beam,  in  inches. 
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It  is  claimed  that  cold  twisting  of  mild  steel  increases  the 
tensile  strength  and  raises  the  elastic  limit  from  10  to  15  per 
cent.;  therefore,  it  will  do  no  harm  to  increase  the  denom- 
inator 5  per  cent.,  changing  6f  to  7.    This  gives  the  formula 

1  dSa 


(21) 


HENNEBIQTJE    SYSTEM 

42.  A  formula  used  by  M.  Hennebique  for  determining 
the  area  of  the  reenforcing  material  is  based  on  the  assump- 
tion that  the  resistance  to  compression  in  the  concrete  takes 
care  of  one-half  the  bending  moment  on  the  beam  while  the 
other  half  is  resisted  by  the  tension  in  the  steel.  The  con- 
crete is  not  considered  as  offer- 
ing any  resistance  to  the  tension 
in  the  beam.  This  engineer 
assumes  that  the  neutral  axis  is 
at  a  distance  of  two-thirds  of 
the  depth  of  the  beam  from  the 
top,  or  at  ad.  Fig.  43,  and  that  -^' 
the  portion  abed,  acting  about  of 
the  axis  a  d,  provides  the  resist-  ^ 
ance  to  compression.  This 
resistance  is  assumed  to  be  con- 
centrated at  the  point  x  located 
at  a  distance  of  one-fourth  ab  or  one-sixth  d  from  this  axis. 
The  resistance  to  tension,  supplied  by  the  steel  bars,  is 
.  assumed  to  act  about  the  same  axis  and  therefore  its  lever 
arm  is  de.  Considering  d  as  the  depth  and  b  the  width  of 
the  beam,  and  taking  350  pounds  per  square  inch  as  the  com- 
pressive stress  in  the  concrete,  the  equation  that  represents 
the  resistance  of  the  beam  to  compression  is 

21ix350x^ 


Pig. 43 


or 


350  b  d' 
9 


M 
2 


(22) 
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When  A  equals  the  area  of  steel  required  and  the  unit  ten- 
sile stress  is  taken  at  14,000  pounds,  the  following  equation 

expresses  the  resistance  to  tension:   14,000  ^  X^  =  -^,  or 

=      3^  (23) 

28,000  d 

In  this  formula,  the  distance  from  the  center  of  the  bars  to 
the  lower  line  of  the  beam  is  disregarded  and  the  lever  arm 

is  considered  as  -. 

It  can  be  seen  that  the  assumptions  made  by  Hennebique 
are  not  entirely  correct,  but  the  results  obtained  from  this 
reasoning  would  probably  be  sufficiently  accurate. 


METHOD    USED    IN    COMMON    PRACTICE 

43.  The  following  formulas  are  derived  by  Mr.  Edwin 
Thatcher  and  published  by  the  Concrete  Steel  Engineering 
Company.  They  are  probably  the  ones  in  most  common 
use  in  reenforced  concrete  design. 

Let  Sc  =  stress  per  square  inch  on  concrete  (compression), 
in  pounds; 
Ss  =  stress    per    square    inch    on    steel    (tension),    in 

pounds; 
sj  =  stress   per  square   inch  on   steel  (compression), 

in  pounds; 
Ec  =  modulus  of  elasticity  of  concrete; 
Es  =  modulus  of  elasticity  of  steel; 
A  =  area  of  steel  in  tension  for  1  inch  width  of  beam; 
nA  =  area  of  steel  in  compression  for  1  inch  width  of 

beam; 
Ml  =  resisting  moment,  in  foot-pounds,  for  1  inch  width 
of  beam. 
Fig.  44  represents,  in  section,  a  concrete  beam  reenforced 
both  top  and  bottom.     The  dimensions  c,  h,  a,  b,  d,  x,  a.nd.y 
are  inches. 

In  order  to  design  a  reenforced  concrete  beam,  let  values 
of  Ss,  Sc,  Es,  Ec,  n,  d,  and  a  be  assumed. 
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X  =  d  —  y 
A  = 


fel-) 


ScXy 


2ssly  —  nix  —a)] 


/  _   (x-a) 


a 

1 

Neutra/Axts 

A 

y 

y 


Fig.  44 


36 


— 1 \-6Ay 

h,  y  y 


To  review  a  beam  already  built,  assume  values  of  s„  Es, 
and  Ec. 


y  =  d  —  X 

^  _  area  of  bars  in  tension 
1> 
,        (x  —  a)ss 


h 


Sc    =    Ss 


A/eu/ra/Axis 


TT 


a 


■li 


Fig.  45 


y 

Ec  X 

Es  y 

Ml  =  same  as  above 

However,  the  most  usual  and  economic  design  of  beams 
is  that  which  has  steel  rods  only  in  the  tension  side,  as 
illustrated  in  section  in  Fig.  45;  the  letters  mean  the  same 
as  before. 

To  design  a  beam,  assume  values  of  s^,  Es,  Ec,  Sc,  and  d. 
d 


/sc  Es 

[ssEc 

X  =  d  —  y 

A  = 


+  1 


36\.c^  y 


(24) 
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To  review  a  beam,  assume  values  of  s^,  Es,  and  Ec. 

p 


4 


2^|V  + 


A 


£s 


y 


Sc    =    Ss-IZ   - 


M,  = 


(25) 


EJ  E. 

d  —  X 
Ec  X 
'  E,  y 

same  as  above 

If  the  beams  are  continuous  over  two  or  more  supports, 
make  A  =  0.8  of  above  value,  and  reenforce  the  beams  at 
the  top  over  each  support. 

There  are  different  opinions  in  regard  to  how  c  should  be 
proportioned.  Some  engineers  state  that  it  should  be  at  least 
\\  inches  for  girders,  while  others  say  that  it  should  be  made 
equal  to  one-fifth  of  r/,  which  is  the  same  thing  as  one-sixth  of 
the  total  depth  of  the  beam.  So  long  as  c  is  great  enough  to 
keep  the  steel  free  from  moisture  and  to  fireproof  it,  it  is 
sufficient  because  the  formulas  given  above  do  not  consider 
that  the  concrete  in  tension,  which  is  an  uncertain  quantity  at 
best,  adds  to  the  strength  of  the  beam  in  resisting  bending 
and  its  only  function  below  the  neutral  axis  is  to  protect  the 
embedded  rods.  Mr.  Thatcher  uses  the  figures  given  in  the 
following  table  for  finding  c  which  will  be  found  safe  and  yet 
economical: 


h 

d 

c 

h 

d. 

c 

h 

d 

c 

1-5 

I.O 

0.5 

8.0 

7.0 

1.0 

20.0 

18.25 

1-75 

2.0 

1-5 

0.5 

8.5 

7 

5 

0 

22.0 

20.0 

2.0 

2.5 

1-75 

0.75 

g.o 

7 

75 

25 

24.0 

22.0 

2.0 

3.0 

^.25 

0.75 

10. 0 

8 

75 

25 

26.0 

24.0 

2.0 

3-5 

2-75 

0.75 

II.O 

9 

75 

25 

28.0 

26.0 

2.0 

4.0 

3-25 

0.75 

12.0 

10 

75 

25 

30.0 

28.0 

2.0 

4-5 

3-5 

1.0 

13.0 

II 

5 

5 

32.0 

30.0 

2.0 

5.0 

4.0 

1.0 

14.0 

12 

5 

5 

34-0 

32.0 

2.0 

5-5 

4-5 

1.0 

15.0 

13 

5 

5 

36-0 

33-75 

2.25 

6.0 

5-0 

1.0 

16.0 

14 

5 

5 

42.0 

39-5 

2.5 

6.5 

5-5 

1.0 

17.0 

15 

5 

5 

48.0 

45-5 

2.5 

7.0 

6.0 

1.0 

18.0 

16 

5 

5 

54-0 

51.0 

30 

7-5 

6.5 

1.0 

19.0 

17 

25 

75 

60.0 

57-0 

3-0 
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To  reduce  formula  25,  Mr.  Thatcher  substitutes  values 
for  the  stress  in  the  steel  and  the  concrete  and  the  moduli  of 
elasticity  of  these  two  materials  as  follows: 


E.  =  30,000,000 

64,000  (ultimate) 

1,460,000 

2,580,000 

1,220,000 

1,860,000 

2,400  (ultimate) 


E,  (1-2-4,  1  month  old) 
Ec  (1-2-4,  6  months  old) 
E,  (1-3-6,  1  month  old) 
E,  (1-3-6,  6  months  old) 
^.  (1-2-4,  1  month  old) 
Sc  '(1-2-4,  6  months  old)  =  3,700  (ultimate) 
Sc  (1-3-6,  1  month  old)  =  2,050  (ultimate) 
Sc  (1-3-6,  6  months  old)  =  3,100  (ultimate) 
By  substituting  these  values  just  given  in  formula  25,  the 
following  table  may  be  derived  with  slight  approximations 
which  can  be  used  in  the  design  of  all  ordinary  beams  and 
slabs: 


Mixture  of 
Concrete 

Age  of 
Concrete 

Area  of  Steel  in 

Square  Inclies 

Required  for  i-Inch 

Width  of  Beam-^ 

Ultimate  Resisting 

Moment, Foot-Pounds 

for  i-Inch  Width 

of  Beam-.'l/, 

1-2-4    , 

1  month 

d 
142 

3S.62«?' 

1-2-4 

6  months 

d 
100 

51.25^' 

1-3-6 

1  month 

d 
I6S 

30.620?° 

1-3-6 

6  months 

d 
109 

46.25^' 

In  obtaining  these  formulas,  it  will  be  noticed  that  the 
ultimate  and  not  the  safe  working  strength  of  the  concrete 
has  been  used.  It  is,  therefore,  necessary  that  the  bending 
moment  due  to  the  imposed  loads  should  be  multiplied  by 
a  factor  of  safety.  That  is  to  say,  the  beam  is  designed  to 
break  under  a  load  several  times,  depending  on  the  factor 
used,  greater  than  the  load  it  is  intended  to  carry. 
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If  a  factor  of  safety  is  used  in  the  design  of  the  beam 
based  on  the  strength  of  concrete  1  month  old,  there  will 
not  be  sufficient  steel  to  develop  the  full  strength  of  the 
concrete  when  the  latter  is  6  months  old,  as  the  strength  of 
almost  all  hydraulic  cement  concrete  increases  with  its  age, 
as  has  been  noted  in  a  previous  paper.  It  is  better  practice, 
therefore,  to  use  such  a  factor  of  safety  for  concrete  6  months 
old  as  will  give  a  minimum  factor  of  safety  for  concrete 
1  month  old.  That  is  to  say,  a  factor  of  safety  of  5  for 
6  months  reenforced  concrete  will  give  a  factor  of  safety  of 
only  about  3.5  when  the  concrete  is  one  month  old,  which 
will,  however,  usually  be  ample  for  ordinary  engineering 
work.  A  factor  of  safety  of  4  in  6  months  reenforced  con- 
crete beams  will  give  a  factor  of  safety  of  about  2:75  in 
1  month,  which  will  be  sufficient  for  such  uniform  loads 
without  impact,  such  as  earth  fills,  water  pressure,  etc. 

Example  1. — A  certain  floor  in  an  office  building  is  to  be  supported 
by  beams  of  reenforced  concrete  1-2^-4  mixture.  The  span  of  these 
beams  is  30  feet  and  they  are  on  10-foot  centers.  The  dead  load  is 
50  pounds  per  square  foot  and  the  live  load  is  150  pounds  per  square 
foot.     Design  the  beam. 

SOLDTION. — The  maximum  moment  on  the  beam,  in  foot-pounds,  is, 
200  X  10  X  30  X  30         „„,  nr,r,  t-.    ik       tt  •  t      .  r       r  .        r  .:    .v 

5 =  225,000  ft. -lb.     Usmg  a  factor  of  safety  of  5,  the 

o 

beam  must  be  designed  to  break  under  a  moment  of  225,000  X  5 
=  1,125,000  ft. -lb.  Assume  a  value  for  h  of  36  in.;  this  will  make 
d  equal  to  33.75  in.,  according  to  the  table  given;  therefore,  the 
bending  moment  for  1  in.  width  of  beam  is  51.25rf''  =  51.25  X  33.75' 
=  58,380  ft.-lb.     Therefore, 

A  =  :rzrz  =      '      =  .3375  sq.  in.  per  in.  of  width 

Therefore,  the  total  area  of  steel  required  is  .3375  X  20  =  6.75  sq.  in.; 
this  is  about  the  area  of  sixteen  T-if-  round  rods.  The  beam  required 
is,  therefore,  36  in.  deep  and  20  in.  wide,  and  is  reenforced  by  sixteen 
■f-in.  steel  bars  placed  2i  in.  from  the  bottom  of  the  beam. 

Example  2. — Design  a  reenforced  concrete  floor  which  is  on  an 
8-foot  span-  to  cari-y  a  total  load  of  250  pounds  per  square  foot,  if  the 
concrete  to  be  used  is  a  1-3-6  mixture. 


§13 


BEAMS  AND  GIRDERS 


63 


Solution.— The  maximum  moment  on  a  strip  of  floor  1  ft.  wide  is 

250  V  8  ^  8 

g =  2,000  ft. -lb.    Using  a  factor  of  safety  of  5,  the  beam  must 

be  designed  to  break  under  a  moment  of  2,000  X  5  =  10,000  ft. -lb. 
Now,  since  the  section  of  the  floor  under  consideration  is  12  in.  wide 
instead  of  1  in.,  we  must  take  twelve  times  the  moment  given  in  the 
table.     That    is    46.25  X  rf'  X  12  =  10,000.     d  =  4.245,    say   4.25   in. 

4.25 


Therefore,    h  =  4.25  -|-  1.00  =  5i  in.     A  = 


109 


.03899,  say  .04  sq. 


in.   per  in.   of  width.     Now  a  |-in.   round  bar  has  an  area  of  .3068 
sq.  in.     Therefore,  if  |-in.  bars  are  used,  they  will  be  -jjooqq 
say  7|  in.  apart.     Ans. 


■  =  7.869, 


THE  KAHN  SYSTEM  OF  REENFORCED  CONCRETE 

44.  The  Kalin  system  of  reenforced  concrete  construc- 
tion is  illustrated  in  Fig;  46,  which  shows  the  shape  of  the 
reenforcing  metal  for  the  beams  and  columns.     This  system 


Fig.  46 


is  based  on  the  assumption  that  all  the  tensile  stresses  should 
be  resisted  by  the  steel  reenforcement,  which  is  constructed 
on  the  principle  of  a  Pratt  trussed  beam.     For  instance,  in 
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Fig.  47,  which  represents  a  Pratt  truss,  the  diagonal  members 
and  the  lower  chord  are  in  tension  while  the  vertical  members 
and  the  upper  chord  are  in  compression.  The  Kahn  standard 
bar  is  shown  in  section  in  Fig.  48.  It  consists  of  a  central 
rib  c  with  a  web  d  on  either  side  and  may  be  so  formed  as 
to  correspond  to  the  lower  chord  and  oblique  members  of  a 
Pratt  truss.  This  is  done  by  shearing  the  webs  d  along  the 
rib  c  for  a  certain  distance  and  bending  them  into  the  posi- 
tions indicated  at  a,  a  in  Fig.  46.  It  is  evident  that  a  bar 
bent  up  as  described  cannot  possibly  slip  through  the  con- 
crete and,  therefore,  it  must  resist  all  of  the  tension  produced 
in  the  beam,  provided  that  the  concrete  is  so  proportioned 
that  it  will  not  fail.  When  a  load  is  applied  on  top  of  the 
beam,  the  concrete  throughout  the  whole  length  of  the  beam 
tends  to  arch  itself,  the  steel  bar  in  the  bottom  acting  as  a 


Fig.  47 

tie.  In  addition  to  this,  a  series  of  concentric  arches, 
gradually  decreasing  in  length,  may  be  supposed  to  be  pro- 
duced. For  instance,  one  arch  will  extend  from  the  prongs  e 
to  the  corresponding  prongs  at  the  other  end  of  the  beam, 
which  are  not  shown  in  the  illustration;  another  arch  from  the 
prongs  /  to  prongs  similarly  placed  at  the  other  end,  and  so 
forth,  the  arches  gradually  decreasing  in  size  until  the 
central  arch  at  c  is  reached.  In  each  of  these  arches  the 
prongs  receive  the  weight  and  carry  it  upwards,  distributing 
it  on  the  other  arches  of  larger  span,  which  are  tied  together 
by  the  horizontal  tension  bar.  It  is  evident  then  that, 
theoretically,  the  tension  bar  is  subjected  to  a  stress  equal  fo 
the  horizontal  component  of  the  stresses  in  the  oblique  mem- 
bers, and  it  would  be  strong  enough  to  resist  this  stress, 
if  it  were  placed  on  the  outside  of  the  concrete.  How- 
ever, it  is  more  advisable  to  embed  the  steel  in  the  concrete 
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to  prevent  rusting:  and  secure  a  fireproof  construction.  When 
a  beam  composed  of  good  materials  and  properly  propor- 
tioned is  tested  to  destruction,  either  the  concrete  crushes 
at  the  top  or  the  steel  bar  pulls  in  two;  as  the  resistance  to 
compression  in  the  top  of  the  concrete  beam  is  largely 
supplied  by  the  floor  itself,  it  is  usually  impossible  for  the 
beam  to  fail  in  compression.  It  is  evident,  therefore,  that  a 
large  amount  of  steel  can  be  placed  in  the  bottom  of  the 
beam  to  balance  the  compression. 

45.  Formulas. — The  formulas  and  values  used  in  the 
calculations  made  by  the  company  manufacturing  the  Kahn 
system  of  reenforced  concrete  are  given  below: 

E:  =  modulus  of  elasticity  of  steel,  or  30,000,000; 
Ec  =  modulus  of  elasticity  of  concrete,  or  2,000,000; 

Ss  =  ultimate  unit  tensile  strength  of   steel,  or  64,000; 

s,  =  ultimate  unit  tensile  strength  of  concrete,  or  200; 

Sc  =  ultimate    unit    compressive    strength    of    concrete, 
or   3,000; 

A  =  area  of  metal. 

The  values   for  d,  d,  x,  and  y  are  shown  in  Fig.  49,  which 
shows  the  bar  in  section  with 
part  of  the  web  bent  up  to 
form,  a  pair  of  prongs.     The    ^ 
location  of   the  neutral  axis 
is  determined  by  the  formula  J J. 


15A  +  dd' 


(26) 


Fig.  49 


SO  A +  26  d 

When  the  tensile  strength  of  the  concrete  is  taken  into 
consideration,  the  moment  of  resistance  is 

M.  =  ax+y}As.  +  '-'^^^  (27) 

If  the  concrete  is  disregarded  in  calculating  the  resistance 
to  tension,  the  formula  for  the  resisting  moment  is 
M,  =  (ix  +  y)As,  (28) 


The  value  of  6  should  never  be  less   than 


As, 
1,800  ;«:■ 


A 
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factor  of  safety  of  4  or  5  should  be  used  in  determining 
the  strength  of  reenforced  concrete.  The  values  used  in 
these  calulations  are  somewhat  higher  than  those  given 
in  Beams  and  Girders,  Part  1. 

46.  Safe  Loads. — Table  V  gives  the  safe  uniformly 
distributed  loads  for  concrete  beams  reenforced  with  Kahn 
trussed  bars. 

Fig.  50  shows  a  section  of  the  ordinary  beam,  and  in  Case  I 
of  Table  V  the  bars  are  -g  inch  by  li  inches,  the  area  being 
.76  square  inch  and  the  weight  per  lineal  foot  2.8  pounds; 
the  length  of  the  diagonals,  shown  at  d,  Fig.  46,  is  6  inches, 
and  b  equals  8  inches.  The  batter  of  the  sides  of  the  beam 
should  not  be  less  than  1  inch  in  6  inches 
for  beams  up  to  12  inches  in  depth,  but 
above  that  depth  the  sides  may  be  made 
vertical. 

In  Case  II,  b  =  10  inches;  the  size  of  the 
bars  is  f  inch  by  2-1^  inches;  their  area 
and  weight  per  lineal  foot  are  1.56  square 
inches  and  5.4  pounds,  respectively,  and  the  length  of  the 
diagonals  is  12  inches.  1"  X  3"  bars  are  used  in  Case  III, 
the  area  being  2.84  square  inches,  and  the  weight  per  lineal 
foot  9.6  pounds.  The  length  of  the  diagonals  is.  12  inches 
for  beams  under  24  inches  in  depth  and  18  inches  for  those 
over  this  depth,  and  b  equals  12  inches. 

In  Case  IV,  6  =  14  inches,  the  bars  are  li  inches  by 
31  inches,  weighing  13.8  pounds  per  square  foot  and  having 
an  area  of  4  square  inches.  The  length  of  the  diagonals  is 
18  feet.  In  Cases  III  and  IV,  the  beams  should  have  a  bat- 
ter of  1  to  6  up  to  a  depth  of  16  inches,  but  for  a  greater  depth 
they  may  have  vertical  sides.  The  loads  given  in  the  table 
were  figured  for  a  fiber  stress  in  the  steel  of  16,000  pounds 
per  square  inch.  If  the  beams  are  continuous  across  two 
or  more  supports,  having  inverted  reenforcing  bars  built  in 
as  required,  the  safe  loads  may  be  increased  by  i. 

47.  Bars. — Fig.  51  shows  the  bars  kept  in  stock  and 
having  standard  cuts;  these  may  be  obtained  in  any  length. 
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Fig.  52  illustrates  the  method  of  placing  the  reenforcing  bars 
for  the  diflerent  conditions  of  loading  and  support.  At 
(a)  is  shown  a  cantilever  having  a  concentrated  load  at  the 
end,  and  as  the  tension  is  at  the  upper  side  of  the  beam,  the 
bars  are  placed  at  the  top  with  the  diagonals  pointing  down- 
wards. Under  these  conditions  the  safe  load  will  be  one- 
eighth  of  that  given  in  the  table,  (b)  shows  a  cantilever 
supporting  a  uniform  load;    in  this  case  the  safe  load  is 


I 


\\,\N 


'f—6'-^'f—e  "-^^  6  "-Jif 


/  / 


n  r\  n;  ri„ 

6  'HI^F-  6  '-H^F-  (5-^-h-  ff"—-f<- 


V4f /?" •Vf'r- 


/£' — H  |- /^ 

/e"Cufs  for ^"x Z^'  Sf /"K3"Bars 


%-  — 


/8 


/B"Cufs  for  /4  "x  J^  "Bars 
Fig.  51 


one-fourth  of  that  given  in  the  table.  As  the  load  in  (c)  is 
concentrated  at  the  center,  the  safe  load  will  be  one-half  of 
that  given  in  the  table,  while  under  the  conditions  shown 
in  ((f),  it  will  be  the  saijie  as  stated.  At  (<?)  is  shown  a  con- 
tinuous beam  uniformly  loaded  and  supported  at  three 
points,  and  as  there  will  be  tension  in  the  upper  part  of  the 
beam  over  the  central  support,  an  inverted  bar  is  placed  at 
this    point;  the    safe    load    under  these    conditions   is    the 
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same  as  that  given  in  the  table.  View  (/)  shows  a  continu- 
ous beam  supported  at  four  points,  that  is,  carried  across 
two  supports,  and  in  this  case  the  safe  load  is  equal  to 
one  and  one-fourth  times  that  given  in  the  table. 
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THE  UNIT  CONCRETE  STEEL  REENFORCEMENT 

48.  The  most  modern  type  of  reenforced  concrete  con- 
struction is  illustrated  in  Fig.  -53.  This  construction  is 
known  as  the  unit  system,  and  takes  its  name  from  the  fact 
that  all  the  metal  necessary  for  the  actual  reenforcement  of 
the  concrete  girder  is  in  one  piece,  differing  in  this  respect 
from  other  reenforced  concrete  systems.  The  steel  reen- 
forcement of  the  unit-girder  frame  is  made  from  a  rolled 
section  consisting  of  four  round  bars  connected  with  a  thin 
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For  a  considerable  distance 


web,  as  shown  in  Fig.  53  (b) 
from  each  end,  the  web 
is  sheared  through  the 
section  at  a  a  and  the 
round  bars  with  the  at- 
tached portion  of  web 
are  bent  up  in  a  simi- 
lar form  to  a  trussed 
girder,  as  shown  at  b,  b, 
Fig.  53  (a).  The  web 
remaining  on  the  two 
central  bars  of  the  four- 
bulbed  rolled  section  is 
punched  and  bent  down- 
wards, as  shown  at  c,  c, 
while  the  web  between 
the  two  inside  bars  of 
the  rolled  section  is 
punched  out  at  intervals 
with  slotted  holes,  as  at 
d,d.  The  purpose  of 
these  slotted  holes  is 
best  understood  by  re- 
ferring to  Fig.  54. 

In  Fig.  54  («)  a  sec- 
tional elevation  of  a 
unit-girder  frame  is 
shown,  while  cross-sec- 
tions through  the  girder 
are  shown  at  {d)  and  {e) . 
From  these  three  views 
it  will  be  seen  that  espe- 
cially designed  bolts 
are  placed  through  the 
slotted  holes  punched  in 
the  central  web  of  the 
rolled  section. 

These  bolts  consist  of  an  annealed   cast-steel   socket  *, 


%           \ 

1 

\         r 

1 

f  tf 

-H 

r 

^•§., 

i1 

I       } 

W      } 

II 

\\     r 

^1 

■  \\    1 

S^^ 

,.t\\  ^: 

"^ 

Tr~n^ 

«t 

•   Wl' 

■«) 

■T     \l 

1 

', 

1 

1.    ■■'■'^  > 

^  *5 

'. 

-B 

; 

"i 

<  ^ 

5.5' 

1^ 

1 

~'^sV 

5 

^^ 

^ 

8 

■    .<; 

<», 

-.11    . 

r'^*     : 

-i^-^ 

5-!  i 

^1^ 

'7-4- 

■lt  1 

S 

,   !i 

^'^ 

//■: 

-  '^  <!; 

r 

71 

if 

^ 
s 

//        / 

1^ 

a—^- 

fl 

/     1 

>         ^  / 

S- 

k  ^ 

4P- 

^S^ 

§13  BEAMS  AND  GIRDERS  73 

Fig.  54  (d),  arranged  to  fit  into  the  space  between  the  two 
center  bars.  Both  ends  of  this  casting  are  capped  and 
supplied  with  stud  bolts,  as  at  a  and  c,  the  stud  bolts  being 
furnished  with  the  nuts  d  and  e.  The  purpose  of  these 
especially  designed  bolts  is  threefold:  First,  when  put  in  place 
and  securely  fastened,  by  the  nut  d,  to  the  steel  girder,  they 
form  a  means  by  which  the  bottom  of  the  mold  into  which 
the  concrete  for  the  beam  is  tamped  may  be  held  in  place. 
Second,  when  the  bottom  of  the  mold  is  secured  in  this 
manner  the  trussed  unit  of  steel  is  held  in  the  correct 
position  within  the  mold  and  there  is  no  danger  of  disturbing 
the  reenforcing  metal,  as  there  is  in  some  systems  by  the 
tamping  of  the  concrete.  Third,  the  nut  e,  when  the  con- 
crete has  set  and  the  bottom  of  the  mold  is  removed, 
may  be  used  to  secure  wooden  stringers,  as  at  /.  These 
stringers  are  used  in  mill  construction  for  the  purpose  of 
holding  up  the  shafting  by  lagscrewing  the  hangers  to  them. 
Again  referring  to  Fig.  54  (a),  it  is  observed  that  the 
trussed  frame  is  supplied  with  stirrups  z,  t  consisting  of 
s"  X  1"  bars  punched  at  the  upper  end,  as  at  /,  to  allow 
the  steel  reenforcing  members  of  the  concrete  floor 
between  the  girders  to  pass  through  them.  These  bars  are 
U-shaped,  as  shown  at  /i  in  view  (d),  and  are  bent  at  the 
bottom,  as  at  g;  g  to  fit  the  shape  of  the  rolled  section. 
They  are  securely  held  in  place  at  the  bottom  by  bending 
back  the  prongs,  as  illustrated  at  k,  k  in  view  (a).  In  this 
manner,  the  prongs,  or  clips,  answer  the  double  purpose  of 
securing  the  stirrups  in  position  and  acting  as  a  key  for 
the  concrete  at  the  bottom  of  the  girder,  thus  prevent- 
ing it  from  spalling  or  breaking  ofiE  with  exposure  to  fire  or 
water.  The  stirrups  toward  the  end  of  the  bar  are  arranged 
somewhat  differently  at  the  top,  for  these  are  bent  around 
the  upper  bar  as  shown  at  /,  /  in  view  (a),  and  at  m,  m  in 
view  (e).  The  stirrups  are  necessary  throughout  the 
girder  to  take  care  of  the  shearing  stresses,  and  as  the 
shear  increases  toward  the  abutments  they  are  spaced  closer 
together  at  the  supports,  in  a  similar  manner  to  the  stiffeners 
in  a  plate  girder.     The  girders  are  so  arranged  in  plan  at 
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the  ends  as  to  be  interchangeable  and  interlocking;  that  is, 
where  the  girders  meet  on  the  supporting  wall,  pier,  or 
column  the  bars  are  bent  to  one  side,  as  shown  in  view  (c), 
and  where  they  enter  a  wall  of  masonry  the  dovetailed  end 
construction  is  employed,  simulating  the  Goetz-Mitchel 
wall-box    construction,    as    shown   in   view  (5). 

The  advantages  claimed  for  the  unit-girder  system  of 
reenforced  concrete  are  that  it  is  designed,  built,  delivered, 
and  erected  as  a  unit,  or  in  one  piece;  that  the  principal 
members  are  made  of  one  rolled  section  and  all  other  parts 
are  securely  held  together  so  that  none  will  be  inadvertently 
omitted  when  the  concrete  is  put  in  place;  further,  that  the 
entire  frame  is  placed  in  position  at  once,  and  that  it  is 
the  only  system  in  which  the  concrete  can  be  thoroughly 
tamped  without  disturbing  the  reenforcing  members;  also, 
that  the  slab  reenforcement  is  braced  through  the  stirrups. 
The  cost  of  this  system  of  reenforced  concrete  is  a  little 
more  than  slow-burning  construction,  but  it  will  not  exceed 
the  combined  cost  of  slow-burning  construction  and  the 
usual  fire-equipment,  such  as  sprinkler  system,  stand  pipes, 
etc.,  that  is  necessary  with  the  latter. 


SPECIFICATION    FOR    REENFORCED    CONCRETE 

49.  In  connection  with  reenforced  concrete  construction, 
the  following  specification  is  interesting  and  covers  most  of 
the  necessary  stipulations: 

The  work  is  to  be  executed  entirely  in  reenforced  concrete  and  the 
system  employed  must  be  one  that  provides  for  the  shearing  stresses 
at  the  ends  of  girders  and  beams.  The  floors  are  to  be  made  suffi- 
ciently strong  to  carry  their  own  weight  and  the  superimposed  load 
of  .  .  .  pounds;  the  ceilings,  to  carry  .  .  .  pounds;  and  the  roof  . 
pounds.  The  live  load  on  the  floor  will  include  the  finish  used  on  top 
of  the  concrete  construction.  The  floor  shall  be  able  to  carry,  without 
failure,  a  superimposed  load  of  four  times  the  amount  stated  in  the 
specification,  and  the  right  is  reserved  to  test  any  unit  area  of  the  floor 
construction  to  failure.  If  it  fails  before  the  required  load  has  been 
placed  on  it,  the  damage  must  be  made  good  and  all  work  must  be 
strengthened  so  as  to  meet  the  requirements  of  these  specifications, 
without  expense  to  the  owner. 
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The  reenforced  concrete  beams  must  be  in  accordance  with  an 
approved  system  of  construction.  They  must  provide  resistance  to 
bending  moment  and  also  to  shearing,  by  being  reenforced  in  the 
vertical  plane  as  well  as  in  the  horizontal.  The  members  resisting 
the  shear  shall  be  rigidly  connected  to  the  main  horizontal  tension 
member,  and  shall  make  an  angle  of  about  45°  with  this  member.  In 
calculating  the  resistance  to  shear,  the  adhesion  of  the  concrete  to 
steel  will  not  be  assumed  at  more  than  50  pounds  per  square  inch  and 
the  vertical  reenforcement  shall  therefore  be  propol-tioned  to  take  care 
of  the  remaining  stresses  not  provided  for  by  the  concrete. 

The  metal  in  the  floor  system  must  be  protected  from  fire  by 
making  the  distance  from  the  lower  surface  of  the  concrete  slab  to 
the  edge  of  the  metal  at  least  1  inch,  while  in  girders  and  beams  this 
thickness  shall  be  Ij  inches. 

The  concrete  shall  be  composed  of  sand,  broken  stone  or  gravel, 
and  an  approved  quality  of  Portland  cement.  If  broken  stone  is  used, 
it  must  be  free  from  fine  dust,  and  small  enough  to  pass  through  a 
1-inch  screen,  while  if  gravel  is  employed,  it  must  be  clean  and  vary 
in  size  from  i  to  1  inch.  For  beams,  the  proportion  of  concrete  shall 
be  one  part  of  cement,  two  parts  of  sand,  and  four  parts  of  broken 
stone.  For  floor  slabs,  the  proportion  shall  be  one  part  of  cement, 
two  and  one-half  parts  of  sand,  and  five  parts  of  broken  stone.  In 
general,  one  layer  of  concrete  shall  be  entirely  completed  before 
another  is  commenced  and  the  layers  shall  not  exceed  about  6  inches 
in  thickness.  The  concrete  shall  be  deposited  as  closely  as  possible  to 
the  place  where  it  is  to  be  used,  in  order  to  avoid  rehandling  while  in 
the  mold,  and  each  layer  shall  be  thoroughly  rammed  until  moisture 
appears  on  the  surface.  The  mixture  shall  be  as  nearly  uniform  as 
possible  in  character,  and  shall  be  mixed  by  one  of  the  approved 
standard  batch  machine  mixers;  it  shall  be  of  such  consistency  that 
when  thoroughly  rammed  it  will  quake  slightly. 

General  sketches  must  be  furnished  by  each  bidder,  showing  his 
system  of  reenforced  concrete  and  the  method  of  applying  it  to  the 
work  in  hand,  the  thickness  of  floor  slabs,  general  location  of  beams, 
etc.,  and  he  must  state  the  tensile  strength,  elastic  limit,  elongation, 
etc.  of  the  steel  bars  he  intends  to  use.  The  steel  must  come  up  to 
the  standard  structural  material  adopted  by  the  Association  of  Steel 
Manufacturers,  which  provides  an  ultimate  strength  of  from  55,000  to 
60,000  pounds  per  square  inch.  Before  the  work  is  commenced,  detail 
working  drawings  and  specifications  must  be  furnished  by  the  suc- 
cessful bidder  and  approved  by  the  architect.  The  centering  used 
must  be  strong  enough  to  hold  the  plastic  concrete  to  the  true  line 
and  shape. 

The  architect  shall  have  power  to  condemn  any  concrete  improperly 
mixed  or  proportioned  and  prevent  its  incorporation  in  the  work,  and 
whenever,  in  his  judgment,  the  concrete  is  liable  to  be  injured  from 


76 


BEAMS  AND  GIRDERS 


§13 


freezing,  work  shall  be  suspended.  The  reenforcing  bars  used  in  the 
concrete  will  not  be  painted,  but  any  bar  on  which  rust  scales  have 
begun  to  form  -will  be  rejected.  No  bids  will  be  considered  except 
from  persons  or  firms  with  recent  and  extensive  experience  in  the  form 
of  work  called  for. 


GENERAL  NOTES  ON  REENPOKCED  CONCRETE 

50.  Examples  of  Construction. — In  Fig.  55  is  shown 
a  section  through  an  eight-story  warehouse  constructed 
entirely  of  reenforced  concrete.  The  size  of  the  building 
is  92  feet  by  125  feet,  and  it  was  designed  to  carry  floor  loads 


up  to  800  pounds  per  square  foot.  The  ground  on  which  the 
building  was  located  was  of  the  worst  description  imaginable 
for  foundations,  and  it  was  necessary  to  support  the  entire 
structure  on  a  reenforced  concrete  raft.  This  raft  meas- 
ures 2  feet  6  inches  in  its  thickest  part  and  only  7  inches  in 
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its  thinnest  part.  It  is  laid  out  in  panels  and  is  arranged  so 
that  each  column  will  be  supported  at  the  intersection  of  two 
beams.  Between  the  date  of  construction  of  the  footings 
and  the  date  of  construction  of  the  first  floor,  this  building 
settled  82  inches  in  the  front  and  3  inches  in  the  rear,  but  no 
further  settlement  occurred.  It  is  not  advisable  to  use  this 
character  of  foundation  for  supporting  a  building  where  it 
is  possible  to  employ  isolated  piers. 

Fig.  66  shows  a  section  through  a  laundry;  this  structure, 
including  the  roof,  is  composed  entirely  of  concrete.  It  is 
interesting  to  note  the  sizes  of  the  beams,  girders,  and 
columns  used  in  this  building,  which  may  be  considered  as 
a  fair  sample  of  reenforced  concrete  construction  applied  to 
factory  buildings. 

51.  The?Practlce  of  Construction. — It  is  customary 
to  leave  the  centering  for  the  floors  in  place  at  least  2  weeks. 
Where  two  sets  of  forms  are  used,  rapid  progress  can  be 
made.  After  the  concrete  is  laid  on  the  first  set  of  forms, 
the  centering  for  the  second  floor  may  be  built  up,  for  by 
the  time  the  concrete  for  the  second  floor  is  in  place  the 
first  floor  will  be  sufficiently  hardened  to  permit  the  removal 
of  the  forms  supporting  it,  which  may  be  used  for  the  third 
floor,  and  so  on.  In  fact,  reenforced  concrete  construction 
can  be  executed  as  fast  as  the  material  can  be  put  in  place. 
Concrete  may  be  laid  in  freezing  weather,  provided  that  the 
temperature  does  not  fall  below  26°  F.,  but  if  freezing  has 
occurred,  the  centering  should  not  be  removed  until  every 
indication  of  frost  has  disappeared  and  the  concrete  has 
thoroughly  set.  Many  contractors  use  only  1-inch  material 
for  the  centerings,  but  it  is  more  advisable  to  use  2-inch. 
The  forms  should  be  put  together  so  that  they  can  be 
readily  taken  down.  This  may  be  accomplished  by  not 
driving  the  nails  to  their  full  length. 

Limestone  should  never  be  used  for  the  aggregate  in  con- 
crete, as  it  renders  it  worthless  as  a  fireproof  material.  The 
limestone  will  disintegrate  under  heat  and  water  and  the 
pieces  will  swell  and  break  out  of  the  slab  of  concrete.     It  is 
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very  important  for  the  cement  to  be  uniform  and  of  the  best 
quality.  In  many  cases,  the  mixtures  for  foundation  work 
may  have  a  high  percentage  of  stone,  sometimes  as  much 
as  eight  parts  of  stone  to  one  part  of  cement  and  four  parts 
of  sand,  but  on  an  average,  the  best  results  for  foundation 
work  are  obtained  from  one  part  cement,  three  parts  of  sand, 
and  five  parts  of  broken  stone.  It  is  not  advisable  to 
attempt  to  color  exterior  concrete  walls  by  mixing  the  color- 
ing matter  in  the  concrete,  as  the  cement  tends  to  combine 
chemically  with  the  coloring  matter.  If  it  is  desired  to  color 
the  wall,  the  best  method  is  to  paint  the  concrete  afterwards. 
However,  the  most  satisfactory  method  of  obtaining  a  color 
scheme  is  to  use  sand  that  has  considerable  color,  as  red 
or  yellow.  

GOVERNMENTAL  REGULATIONS  FOR  REENFORCED 
CONCRETE  CONSTRUCTION 

52.  Municipalities  and  some  national  governments  have 
adopted  laws  and  ordinances  regulating  the  construction  of 
reenforced  concrete.  The  following  is  an  extract  from  the 
latest  of  these,  with  some  alterations,  and  adherence  to  its 
stipulation  cannot  but  insure  excellent  results. 

53.  Materials. — Only  Portland  cement,  delivered  in 
original  packages,  shall  be  used  in  the  making  of  reenforced 
concrete  construction.  The  sand  used  in  mixing  the  con- 
crete shall  be  clean  and  sharp  while  the  other  ingredients 
shall  be  of  such  a  suitable  size  as  experience  has  found  to 
be  satisfactory. 

54.  Mixing  Concrete. — The  concrete  shall  be  mixed 
only  in  quantities  required  for  immediate  use.  It  shall  be 
put  in  place  immediately  after  mixing  and  be  tamped  uni- 
formly; if  laid  in  the  consistency  of  moist  earth,  it  shall  be 
tamped  until  water  appears  on  the  surface.  Suitably  shaped 
tampers  of  proper  weight  shall  be  used  in  tamping. 

55.  Testing. — In  the  case  of  untried,  methods  of  con- 
struction, the  building  authorities  may  first  require  prelim- 
inary trial  constructions  and  load  tests. 
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The  building  authorities  may  also  determine  the  qualities 
of  the  building  materials  that  are  employed,  by  the  aid  of  an 
official  testing  laboratory  or  in  any  other  way  they  may  deem 
suitable,  and  they  also  may  test  the  strength  of  the  concrete 
made. 

At  the  final  inspection  for  acceptance,  the  structure  shall 
be  uncovered  and  accessible  at  the  places  indicated  by  the 
representative  of  the  building  authorities,  to  show  the  quality 
and  character  of  construction.  The  building  authorities  have 
also  the  right  to  test  the  quality  of  the  construction,  the 
degree  of  hardening  obtained,  and  the  sustaining  strength,  by 
special  tests. 

If  loading  tests  are  deemed  necessary,  they  shall  be  made 
according  to  the  directions  of  the  representative  of  the  build- 
ing authorities.  The  owner  and  the  contractor  shall  be 
invited  to  be  present  at  these  tests. 

If  a  strip  of  a  floor  panel  be  cut  out  and  tested  by  a  trial 
load,  this  load  shall  be  distributed  uniformly  over  the  whole 
strip  and  not  exceed  the  weight  of  the  floor  and  double  the 
live  load  it  is  computed  to  sustain.  If  such  a  strip  is  tested 
without  being  cut  out  of  the  panel,  the  test  load  shall  be 
increased  by  one-half.  Thus,  if  Wd  denotes  the  dead  load 
and  Wi  the  live  load,  the  test  load  will  be,  for  the  former 
case,  Wd  +  2W,  and  for  the  latter,  \.bWa+Z  W,. 

56.     Regarding   Work   in    Freezing   "Weatlier. — No 

work  shall  be  done  in  freezing  weather,  except  when  the 
influence  of  frost  is  excluded.  After  prolonged  freezing 
weather,  the  work  shall  not  be  taken  up  again  in  warmer 
weather  until  the  approval  of  the  building  authorities  has 
been  obtained. 

Until  sufficient  hardening  of  the  concrete  has  occurred,  the 
structural  parts  shall  be  protected  against  the  effect  of 
freezing  and  premature  drying  as  well  as  against  vibrations 
and  loads.  If  freezing  weather  occurs  during  the  hardening 
period,  the  time  ordinarily  allowed  for  setting  shall  be 
extended  by  the  time  of  freezing  because  of  the  retardation 
in  the  hardening  caused  by  the  latter. 
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A  daily  account  of  the  work  shall  be  kept  on  the  ground 
and  be  always  open  for  inspection.  Freezing  weather  shall 
be  especially  noted,  and  the  hour  and  temperature  recorded. 

57.  Molding  tlie  Concrete. — Special  care  shall  be 
exercised  in  placing  the  reenforcing  metal  in  its  correct 
position  and  in  surrounding  it  tightly  with  cement  mortar. 

The  concrete  shall  be  laid  in  layers  that  shall  have  a 
thickness  not  exceeding  6  inches  and  each  layer  shall  be 
thoroughly  tamped  in  place. 

Continuous  walls  shall  be  laid  uniformly  for  their  entire 
length,  and  care  shall  be  taken  to  obtain  good  connections 
with  the  adjacent  transverse  walls.  Layers  that  form  the 
top  surfaces  of  a  story  must  be  leveled  off. 

The  molding  boards  must  have  sufficient  resistance  to 
bending  as  well  as  to  shocks  and  vibrations  due  to  tamping, 
and  they  shall  be  arranged  to  be  safely  removable  after 
taking  away  their  supports. 

The  side  molds  of  concrete  beams  and  the  molds  of 
floor  slabs  up  to  spans  of  5  feet  shall  not  be  removed 
before  3  days,  and  the  remaining  molds  and  the  supports 
not  before  14  days  from  the  completion  of  the  tamping. 
In  removing  the  molds  and  supports  all  jar  and  vibration 
shall  be  avoided. 

If  the  tamping  has  been  completed  only  a  short  time 
before  the  occurrence  of  the  freezing  weather,  special  care 
•shall  be  taken  in  removing  the  molds  and  supports. 

In  placing  a  new  layer  of  concrete  on  a  fresh  one  it  will 
suffice  to  wet  the  old  surface  thoroughly,  though  in  building 
on  hardened  concrete  the  old  surface  shall  be  roughened, 
cleaned,  and  wet. 

In  constructing  walls  and  piers  for  buildings  of  several 
stories,  the  upper  stories  shall  not  be  started  before  the 
molds  of  the  lower  story  shall  have  been  removed. 

58.  Rules  for  Static  Computation. — The  weight  of 
concrete,  inclusive  of  the  reenforcing  metal,  shall  be  taken 
at  150  pounds  per  cubic  foot,  unless  another  weight  be 
definitely  ascertained,  and  in  the  computation  for  floors  the 
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weight  of  the  flooring  material  shall  be  added  to  the  weight 
of  the  sustaining  parts. 

59.  Determination    of   External   Forces. — For   the 

members  subject  to  bending,  the  end  moments  and  reactions 
shall  be  computed,  according  to  the  character  of  loading 
and  support,  by  the  formulas  for  freely  supported  or  con- 
tinuous beams. 

For  freely  supported  slabs,  the  clear  opening  plus  the 
depth. of  the  slab  shall  be  taken  as  the  span;  for  continuous 
slabs,  the  distance  between  centers  of  supports. 

For  slabs  continuous  over  several  spans,  the  bending 
moment  at  the  centers  of  slabs  may  be  taken  as  four-fifths 
the  value  of  the  moment  for  a  freely  supported  beam,  unless 
the  actually  occurring  moments  and  reactions  be  ascertained 
by  computation  or  tests. 

The  same  rule  holds  true  for  beams,  tee-formed  beams 
and  girders,  with  the  exception,  however,  that  no  end 
moment  shall  be  taken  into  account  unless  special  structural 
details  to  insure  the  fixed  end  be  provided.  The  span  shall 
be  taken  as  the  free  opening  plus  the  length  of  one  bearing. 

For  T-formed  beams,  the  flange  shall  not  be  considered 
for  a  width  of  more  than  one-third  of  the  length  of  the 
beam. 

For  columns,  consideration  shall  be  given  to  possible 
eccentric  loading. 

60.  AlloTvable  Worliing  Stresses. — In  the  members 
subject  to  bending,  the  compressive  stress  in  the  concrete 
shall  not  exceed  one-fifth  of  its  ultimate  resistance;  the 
tensile  and  'compressive  stresses  in  the  steel  shall  not 
exceed  17,000  pounds  per  square  inch.  The  following  loads 
shall  be  provided  for:  (a)  For  structural  parts  subject  to 
moderate  impact,  such  as  floors  of  dwellings,  offices,  and 
warehouses;  the  actual  dead  and  live  loads,  id)  For  parts 
subject  to  higher  impact  or  widely  varying  loads,  such  as 
floors  of  assembly  rooms,  dancing  halls,  factories,  and  store- 
houses; the  actual  dead  load  and  one  and  one-half  times 
the  live  load,     (c)   For  parts  subject  to  heavy  shocks,  such 
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as  roofs  of  vaults,  under  passageways  and  yards;  the  actual 
dead  load  and  twice  the  live  load. 

In  columns,  the  concrete  shall  not  sustain  a  stress  above 
one-tenth  its  breaking  strength.  In  computing  the  steel 
reenforcing  for  column  flexure,  a  factor  of  safety  of  5  shall 
be  provided. 

The  shearing  stress  in  the  concrete  shall  not  exceed 
64  pounds  per  square  inch.  In  any  instance,  the  shearing 
stress  shall  not  exceed  one-fifth  of  the  ultimate  resistance. 
The  adhesive  stresses  shall  not  exceed  the  allowable  shear- 
ing stress. 

61.  Deter minati on  of  Internal  Forces. — The  modu- 
lus of  elasticity  of  steel  shall  be  taken  as  fifteen  times  that 
of  concrete,  unless  another  ratio  be  shown. 

The  stresses  in  a  section  of  a  body  subject  to  bending 
shall  be  computed  on  the  assumption  that  the  elongations 
are  proportional  to  their  distances  from  the  n^eutral  axis 
and  that  all  the  tensile  stresses  are  taken  up  by  the  steel 
reenforcement. 

Shearing  stresses  shall  be  computed,  unless  the  form  and 
design  of  the  members  show  at  once  their  insignificance.  If 
no  allowance  is  made  for  them  in  the  design  of  the  member, 
they  must  be  taken  up  by  suitably  shaped  steel  reenforcement. 

The  reenforcing  steel  shall,  as  far  as  possible,  be  so 
formed  that  its  displacement  in  the  concrete  shall  be  pre- 
vented by  its  form.  As  far  as  this  is  lacking,  the  adhesive 
stress  shall  be  computed. 

Computations  for  the  flexure  of  columns  shall  be  made 
if  the  height  exceeds  eighteen  times  the  least  diameter. 
Transverse  connections  that  shall  hold  the  embedded  steel 
rods  in  their  positions  relative  to  each  other  shall  be  placed 
at  distances  apart  not  more  than  thirtv  times  the  diameter 
of  the  rods. 

For  the  computation  of  the  columns  for  flexure,  Euler's 
formula  shall  be  used. 

62.  Method  of  Computation. — If  the  beam  is  a  sim- 
ple one  reenforced  on  the  tension  side  only,  the  computation 
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for  the  stresses  in  the  concrete  and  steel  may  be  made  by 
formulas  27  and  28,  respectively. 

The  following  formulas  are  those  stipulated  in  the  govern- 
ment regulations  introduced  in  Art.  52.     In  these  formulas, 

fs  =  sectional  area  of  reenforcing  steel  for  width  b  of  beam; 

n  =  ratioof  coefficient  of  elasticity  of  steel  to  that  of  concrete; 
M  -—  bending  moment  of  beam; 

h  =  total  depth  of  beam; 

X  =  distance  of  neutral  axis  from  upper  surface; 

a  =  distance  from  center  of  steel  to  bottom  of  beam; 

b  =  width  of  beam; 


/l  +  M(lzi^)_ll  (29) 


From  the  equation  of  moments,  the  greatest  compressive 
stress  in  the  concrete  St  and  the  greatest  tensile  stress  in  the 
steel  Ss  will  be: 

s.  =     ,     ^-^      .  (30) 


b\h  —  a  - 

M 


{s[h  —  a  —  ^ 


f) 

(31) 


For  T-formed  beams  when  the  width  of  the  top  part  or 
flange  is  called  b  and  its  thickness  or  depth  is  called  d,  the 
same  formulas  may  be  used  if  the  neutral  axis  lies  in  the 
flange  or  at  the  junction  of  flange  and  web.  If  the  neutral  axis 
passes  through  the  web,  the  slight  compressive  stresses  in 
the  web  may  be  neglected.     The  resulting  formulas  are: 

bd" 


{h  —  a)nfs  + 
b  d  +  nfs 


(32) 


^  =  ^--2  +  6(27^)  (33) 


M 


fXh  —  a  —  X  +  y) 


(34) 


--  =  M,(,4_J  (35) 
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63.  Centric   Pressure   on    Columns. — If  F  be    the 

cross-sectional  area  of  the  concrete  in  compression,  and  f, 
that  of  the  total  reenforcing  steel,  the  allowable  load  will  be 

P^sXF+ni:)  (36) 

The  greatest  stress  in  the  concrete  will  be 

s.  =  ^-  (37) 

F+  nfs 

The  greatest  stress  in  the  steel  will  be 

s,  =  nsc  =  — ^ — -  (38) 

F-\-  nfs 

64.  Eccentric  Pressure  on  Columns. — The  compu- 
tation is  the  same  as  for  a  homogeneous  material,  except 
that  in  the  expressions  for  the  cross-sectional  area  and  the 
moment  of  inertia  of  the  reenforcing  steel,  n  times  the  value 
of  an  equivalent  section  of  concrete  is  substituted.  Any 
tensile  stresses  that  may  be  produced  must  be  taken  up  by 
reenforcing  steel  provided  for  this  purpose. 
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(PART  3) 


BUILT-UP  GIRDERS 


GENERAL,  CONSTRUCTION 

1.  Definitions. — A  plate  girder  is  one  built  up  of  a 
number  of  plates  and  angles  securely' riveted  together.  The 
names  given  to  its  diiiferent  parts  may  be  understood  by 
referring  to  Fig.  1,  in  which  a  is  the  flange  plate,  of  which 
there  may  be  one  or  more  on  each  flange, 
depending  on  the  strength  required.  These 
plates  are  the  principal  elements  that  resist 
the  bending  stresses  in  the  girder.  The 
flange  angles  b,  b  are  the  means  of  con-  ' 
necting  the  flange  plates  to  the  web- 
plate  c.  When  the  load  on  the  girder  is 
small,  the  flange  plates  may  be  omitted,  in 
which  case  the  flange  angles  are  the  mem- 
bers that  chiefly  offer  resistance  to  the 
bending  stresses. 

On  account  of  the  construction  of  a  plate 
girder,  there  is  very  little  stiffness  in  the 
web-plate;  consequently,  there  is  always  a 
strong  tendency  for  it  to  fail  by  buckling 
and  twisting  under  the  load  imposed  on  the  girder.  This  ten- 
dency to  buckle  is  greatest  at  the  supports  or  abutments  of 
the -girder  and  at  the  points  where  concentrated  loads  are 
applied.     Because    of    this    buckling    tendency   it   becomes 
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necessary  to  reenforce  the  girder  by  riveting  to  it  at  stated 
intervals  stiffeners  generally  made  of  angles. 

The  most  common  and  cheapest  form  of  stiffener  is  shown 
in  Fig.  2  (a).  This  is  simply  a  straight  piece  of  angle 
riveted  to  the  web-plate  and  flange  angles.  The  space 
between  the  stiffeners  and  web-plate,  due  to  the  thickness  of 
the  flange  angles,  is  filled  with  a  piece  of  bar  iron  or  plate,  as 

shown  at  d;  this  is  called  a 
filler  or  packing  piece. 
Another  form  of  stiff- 
ener  for  plate  girders  is 
shown  in  Fig.  2  (i).  The 
angle  is  swaged  out,  to 
allow  it  to  fit  over  the. 
flange  angles,  and  is  riv- 
eted directly  to  the  web- 
plate,  thus  doing  away  with 
the  filler  or  packing  piece. 
This  construction  does  not 
require  as  much  material 
as  that  shown  in  (a),  but, 
unless  there  are  a  large 
number  of  girders  of  the 
same  dimensions  to  be 
built,  in  which  case  dies, 
in  connection  with  a  power 
or  hydraulic  press,  may  be 
used  for  swaging  the  ends, 
the  labor  required  is  so  much  greater  that  it  makes  the 
girder  more  expensive. 

The  stiffeners  shown  at  (c)  are  sometimes  used,  but  are 
subject  to  the  same  general  criticism  in  regard  to  cost  of 
manufacture  as  those  shown  at  (d).  Stiffeners  of  this  shape 
possess  a  possible  advantage  in  the  fact  that  they  stiffen  the 
flanges  considerably  more  than  either  of  the  other  styles. 

2.  Usual  Forms  of  Sections. — The  four  principal  sec- 
tions used  in  plate-girder  construction  are  shown  in  Fig.  3. 
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A  simple  plate  girder  with  a  web-plate  and  two  flange 
angles,  but  with  no  flange  plate,  is  shown  in  (a);  this  sec- 
tion is  used  for  short  spans  or  light  loads.  In  (6)  is  shown 
a  similar  girder  with  one  flange  plate;  this  girder  is  used  to 
support  heavier  loads  and  to  clear  longer  spans.  The  girder 
in  (c) ,  which  may  have  two  or  more  flange  plates  at  each 
flange,  may,  if  the  conditions  require,  be  made  as  heavy  as 
is  necessary  in  order  to  carry  great  loads  over  long  spans. 
In  fact,  the  strength  of  a  girder  of  this  character  may  be 
increased  almost  indefinitely  by  the  addition  of  flange  plates. 
The  section.  Fig.  3  (d),  is  a  plate  girder  of  box  section.  It 
is  stifEer  laterally  than  the  other  forms  shown,  but  the  diffi- 
culty of  reaching  the  interior  for  painting  and  inspecting  and 


Ca) 


(b)  (c) 

Fig.  3 


the  excessive  amount  of  labor  required  in  its  construction, 
are  such  serious  objections  that  it  is  much  less  used  than  the 
sections  shown  at  [a),  {b) ,  and  {c).  On  account  of  their 
open  construction,  the  latter  are  especially  good  forms  to 
use  in  buildings  where  the  objection  in  regard  to  lateral  stiff- 
ness does  not  hold  good,  as  when  the  girder  is  used  in  the 
position  in  which  it  is  usually  found,  it  is  generally  pre- 
vented from  deflecting  laterally  by  the  floorbeams;  any  lack 
of  stiffness  in  comparison  with  the  box  girder  is  more  than 
compensated  for  by  the  simplicity  of  construction  and  easy 
access  on  all  sides  for  painting  and  inspecting. 
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PRINCIPLES  OF  DESIGN 


STRESSES 

3.  The  external  forces,  loads,  and  reactions  produce  the 
same  kind  of  stresses  in  a  plate  girder  as  in  an  ordinary 
beam,  but,  on  account  of  its  special  construction,  the  distri- 
bution of  these  stresses  in  the  girder  is  assumed  to  be  some- 
what different  from  that  in  a  beam  made  of  a  single  piece. 
In  the  girder,  the  shear  is  generally  assumed  to  be  borne 
wholly  by  the  web-plate,  while  the  bending  moment  is 
assumed  to  be  resisted  by  the  stresses  in  the  flange  mem- 
bers. The  method  of  calculating  the  magnitude  of  the  shear 
and  bending  moment  is  the  same  as  that  for  beams;  owing, 
however,  to  the  different  assumption  in  regard  to  the  distri- 
bution of  these  forces,  a  different  method  of  calculation  is 
used  in  determining  the  relations  between  them  and  the 
stresses  in  the  girder. 

4.  Shearing  Stresses  in  Web-Plate. — In  discussing 
the  methods  of  calculating  the  dimensions  of  a  plate  girder 
for  a  given  purpose,  we  will  first  consider  the  shear,  which 
is  the  principal  factor  that  determines  the  thickness  of  the 
web-plate  and  the  number  and  size  of  stiffeners  required. 
The  greatest  shear  in  a  beam  occurs  at  the  point  of  support 
at  which  the  reaction  is  greatest,  and  the  magnitude  of  the 
shear  is  equal  to  the  reaction  at  that  point;  consequently,  in  a 
simple  plate  girder,  the  greatest  shear  occurs  at  a  point  of 
support,  and  is  equal  in  amount  to  the  reaction  at  that  point. 


WEB-PLATES    AND    STIFFENERS 

5.  Depth,  of  Girder. — Having  calculated  the  shear,  the 
depth  of  the  girder  is  assumed  in  accordance  with  practical 
rules  that  fix  the  relation  between  the  depth  and  span.  In 
accordance  with  the  best  practice,  the  depth  should  not  be 
less  than  one-fifteenth  of  the  span,  though  some  authorities 
consider  one-twentieth  ample.  The  latter  proportion,  how- 
ever, gives  an   exceedingly  shallow  girder,  and  cannot  be 
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recommended  except  where  the  loads  are  very  light  and 
the  span  short,  or  where  it  is  absolutely  necessary  that  an 
extremely  shallow  girder  be  used,  on  account  of  decorative 
features,  or  lack  of  space  in  regard  to  headroom,  in  which 
case  the  girder  should  be  so  proportioned  that  when  fully 
loaded  its  deflection  will  not  be  excessive. 

6.  Thickness  of  Web-Plate. — Knowing  the  depth  of 
the  girder,  and  the  shear  at  the  points  of  support,  the 
thickness  of  the  web-plate 
is  proportioned  so  as  to 
give  it  sufficient  area  to 
resist  the  maximum  shear. 
It  is  always  necessary  to 
stiffen  the  plates  over  the 
supports,  as  shown  in 
Fig.  5;  these  stiffeners  are 
riveted  to  the  plate  and 
transfer  the  shearing  stress 
from  it  to  the  supports. 

A  considerable  portion, 
of  the  plate  is  cut  away  by 
the. holes  for  the  rivets  by 
which  it  is  fastened  to  the 
stiffeners;  hence,  the  least 
strength  of  the  plate  is 
along  the  line  of  the  rivet 
holes.  It  can  be  seen,  by 
referring  to  Fig.  4,  which 
shows  the  end  of  a  plate 
with  the  holes  punched  for  riveting  to  the  stiffener,  that  the 
net  or  efficient  depth  of  the  plate  is  equal  to  the  actual  depth 
minus  the  sum  of  the  diameters  of  the  rivet  holes. 

The  following  rule  may  be  used  for  calculating  the  thick- 
ness of  a  web-plate  so  that  it  will  have  sufficient  strength  to 
resist  the  shearing  stress: 

jj^le. — From  the  total  depth  of  the  web-plate,  deduct  the 
sum  of  the  diameters  of  the  rivet  holes,  which  will  give  the  net 
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or  efficient  depth  of  the  web-plate;  multiply  the  net  depth  by  the 
safe  resistance  of  the  material  to  shear,  and  divide  the  maximum 
shear,  in  pounds,  by  the  product;  the  quotient  will  be  the 
required  thickness  of  the  metal  in  the  web  of  the  girder. 

This  rule  may  be  expressed  by  the  formula 

R 


t  = 


(1) 


dy^.s 

in  which    t  —  thickness  of  web-plate; 

R  =  greatest  reaction  or  maximum  shear; 
5  =  safe  shearing  resistance  of  material  per  square 

inch; 
d  =  net  depth  of  web-plate  after  all  rivet  holes  have 
been  deducted. 

7.     The   safe  resistance  of    the  material   to  shear  is  of 


course    governed   by   the  factor 


of  safety  required  in  the 
girder.  For  example,  the 
ultimate  shearing  strength 
of  structural  steel  being 
52,000  pounds  per  square 
inch,  if  a  factor  of  safety 
of  4  is  required,  the  safe 
resistance  of  the  metal  will 
be  52,000  h-  4  =  13,000 
pounds,  while  if  a  factor 
of  safety  of  5  is  desired, 
the  safe  strength  will 
be  52,000  ^  5  =  10,400 
pounds. 

In  deducting  the  metal 
for  the  rivet  holes  in  order 
to  ascertain  the  net  depth 
of  the  web-plate,  the  holes 
should  always  be  consid- 
ered as  being  i  inch  larger 
than  the  nominal  diameter 
of  the  rivet;  this  allowance  is  made  because  the  holes  are 
always  made  tb  inch  larger  in  diameter  than  the  rivet  so 


I         I 


I         I 
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Reaction  of  this  Support  ISOOOO  lb. 
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that  the  rivet  may  be  inserted  easily,  and  another  re  inch 
should  also  be  allowed  in  the  diameter  of  the  hole  to  com- 
pensate for  any  injury  that  the  metal  immediately  around,  it 
may  sufEer  from  the  punch. 

It  will  often  be  found  that  the  calculated  thickness  of  the 
web-plate  is  less  than  is  allowable  for  practical  reasons. 
The  thinnest  plate  that  should  be  used  for  any  case  is 
-i\  inch. 

Example. — Fig.  5  shows  the  end  o£  a  plate  girder  in  which  the 
greatest  reaction  is  120,000  pounds.  The  girder  is  made  of  structural 
steel,  the  safe  fiber  stress  of  which  is  assumed  to  be  11,000  pounds 
per  square  inch  for  shear.  What  should  be  the  thickness  of  the 
web-plate? 

Solution. — The  width  of  the  plate  is  48  in.,  and  there  are  thirteen 
holes  punched  for  f-in.  rivets.  The  deduction  to  be  made  for  each 
rivet  hole  is  i  in.  -|-  f  in.  =  |  in.;  therefore,  the  net  depth  of  the  plate 
is  48  -  13  X  F  =  48  -llf  =  36f  in.  Applying  formula  1,  the  thick- 
ness of  the  plate  is  /  =  „,.^     '  ..  -„„  =  .297  in.     In  no  case,  however, 

OUg     /\     J.  i  jUUU 

should  the  web-plate  of  a  girder  be  less  than  ts  in.  in  thickness. 
Hence,  as  .297  is  less  than  t^,  the  thickness  of  the  web-plate  in  this 
girder  should  be  -fs  in.    Ans. 

8.  Buckling  of  Web-Plate  aiid  Distribution  of 
Stiffeners. — The  shearing  stresses  in  a  web-plate,  in  addi- 
tion to  their  tendency  to  shear  the  plate,  are  liable  to  cause 
it  to  fail  by  buckling;  therefore,  in  order  to  properly  resist 
the  vertical  shearing  stresses  and  prevent  them  from  buck- 
ling the  web-plate  before  its  full  shearing  strength  is  realized, 
it  is  necessary  to  provide  the  stifiEeners. 

The  shearing  stresses  in  a  simple  beam  are  always  great- 
est at  the  points  of  support,  and  diminish  toward  the  center 
of  the  beam  until  a  point  is  reached  such  that  the  sum  of  the 
loads  between  it  and  the  support  is  equal  to  the  reaction;  at 
such  a  point  the  shear  is  said  to  change  sign.  Therefore, 
the  stiffeners  should  be  most  numerous  at  the  points  of 
greatest  vertical  shear,  and  should  decrease  in  number  as 
the  shear  decreases.  Theoretically,  this  would  be  a  correct 
method  of  locating  the  stiffeners,  but  practically  they  are 
spaced   at   equal   distances  along  the  length  of  the  girder. 
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except  at  the  points  of  support,  where  several  are  placed 
near  together  in  order  to  give  the  end  of  the  girder  more 
nearly  the  character  of  a  column  and  enable  it  to  successfully 
resist  the  great  vertical  shear,  due  to  the  reaction  at  this  point. 
In  no  case  should  the  stiffeners  at  the  end  of  a  plate  girder 
be  omitted,  even  if  the  conditions  make  the  intermediate 
ones  unnecessary. 

It  is  good  practice  to  place  stiffeners  directly  under  any 
concentrated  load  that  may  be  placed  on  the  girder.  These 
not  only  stiffen  the  web-plate  at  the  point  of  application  of 
the  load,  and  thus  prevent  buckling,  but  also,  through  the 
medium  of  the  rivets,  assist  in  distributing  the  load  on  the 
web-plate  and  other  members  of  the  girder. 

The  end  stiffeners  of  a  plate  girder  may  be  considered  as 
columns  subjected  to  a  compressive  stress  equal  to  the  reac- 
tion, and  calculated  by  the  rules  and  formulas  for  columns. 
For  safety,  the  stress  on  the  end  stiffeners  should  never 
exceed  15,000  pounds  per  square  inch  of  section. 

&.  Practice  in  regard  to  the  placing  of  stiffeners  on  plate 
girders  varies  considerably,  being  more  a  matter  of  judg- 
ment and  experience  than  of  calculation.  Some  engineers 
determine  the  resistance  of  the  web-plate  to  buckling  by  the 
formula 

b  =  -11-0»0  (2) 

\  +  -A — 
3,000  e 

in  which  b  =  safe  resistance  of  web  to  buckling,  in  pounds 
per  square  inch; 
d  =  depth  of  web-plate,  in  inches; 
t  =  thickness  of  web-plate,  in  inches. 
If  the  value  of  b  given  by  this  formula  is  less  than  the 
unit  shearing  stress,  the  girder  should  be  stiffened. 

Example. — The  allowable  shearing  stress  on  the  web  of  a  plate 
girder  is  11,000  pounds  per  square  inch.  The  stiffeners  at  the  end 
supports  are  riveted  by  nine  f-inch  rivets  to  the  web-plate,  which  is 
.36  inches  wide.  The  end  reaction  on  the  girder  is  100,000  pounds. 
{a)  What  should  be  the  thickness  o£  the  web-plate?  [b)  Will  it  be 
sufSciently  strong  without  the  addition  of  stiffeners? 
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Solution. — [a)  Since  ^-in.  rivets  are  used,  the  allowance  to  be 
made  for  one  rivet  hole  is  |  +  j  =  1  in.,  and  the  eflfective  depth  of  the 
plate  along  the  line  o£  rivets  is  36  —  9  X  1  =  27  in .    Applying  formula  1 , 

the  thickness  of  the  plate  is  found  to  be  if  =  ^       '  =  .33  in.    The 

thickness  of  the  nearest  standard-size  plate  above  this  is  |  in.,  which 
will  be  the  thickness  used.     Ans. 

(b)     By  formula  2,  the  safe  unit  resistance  of  the  plate  to  buckling  is 

b  = '~oai ~  2,700  lb.  per  sq.  in.;  which,  since  it  is  much  less 

^  3,000  X  (I)'' 
than  the  unit  shearing  stress  on  the  web-plate,  shows  that  stiffeners 
Are  required.     Ans. 

10.     Practical    Rule   for   Spacing   Stiffeners. — It  is 

not  the  general  practice  to  make  the  above  calculations  to 
determine  whether  stiffeners  are  required;  according  to  the 
best  engineering  practice,  stiffeners  should  be  provided, 
unless  the  thickness  of  the  web-plate  is  at  least  one-fiftieth 
of  the  clear  distance  between  the  vertical  legs  of  the  flange 
angles. 

Example  1. — Assume  the  girder  in  the  previous  problem  to  be 
provided  with  6"  X  6"  flange  angles;  the  depth  and  thickness  of  the 
plate,  as  shown,  are  36  inches  and  f  inch,  respectively.  According  to 
the  above  rule,  does  this  girder  require  stiffeners.' 

Solution. — The  unsupported  depth  of  the  plate  between  the  flange 
angles  is  36  -  2  X  6  =  24  in.;  A  of  24  in.  =  .48,  say,  i  in.  As  the 
thickness  of  the  web-plate  is  only  f  in.,  the  girder  must  be  provided 
with  stiffeners.     Ans. 

Another  rule,  which  gives  nearly  the  same  result,  is  as 
follows: 

Rule. — Provide  stiffeners  whenever  the  thickness  of  the  web- 
plate  is  less  than  one-sixtieth  of  its  total  depth. 

This  rule  is  modified  by  some  authorities  so  as  to  allow  a 
thickness  of  one-eightieth  of  the  total  depth  of  the  plate  as 
being  amply  safe  without  stiffeners.  The  more  conservative 
rule,  however,  which  requires  the  thickness  to  be  at  least 
one-fiftieth  of  the  unsupported  depth  of  the  web  or  the 
distance  between  the  flange  angles,  is  the  one  to  be  recom- 
mended, and  will  be  used  in  this  Section. 
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The  spacing  and  size  of  stiffeners  to  be  used  on  a 
plate  girder  is  almost  entirely  a  matter  of  experience  and 
judgment.  As  a  general  rule,  it  may  be  said  that  stiffeners 
should  be  provided  at  the  ends  of  all  plate  girders  over  the 
supports  or  abutments,  and  they  should  be  so  proportioned 
that  they  will  take  care  of  the  entire  reaction  at  these  points. 
The  stiffeners  between  the  abutments  or  supports  should  be 
of  such  size  that  they  will  best  suit  the  general  require- 
ments of  the  design  of 
the  girder.  The  prac- 
tice in  spacing  inter- 
mediate stiffeners  is  to 
make  the  distance  be- 
tween their  center  lines 
equal  to  the  depth  of 
the  girder,  thus  dividing 
the  girder  into  equal 
square  panels.  Under 
no  conditions,  however, 
should  stiffeners  be 
placed  more  than  5  feet 
apart  from  center  to 
center  of  line  of  rivets. 
Having  proportioned 
the  stiffeners  at  the  abut- 
ments to  take  the  entire 
reaction,  it  is  good  prac- 
tice, when  possible,  to 
make  the  intermediate 
stiffeners  of  the  same 
size  as  the  end  ones.  In 
general,  the  angles  used 
for  stiffeners  should  not 
be  less  than  3  inches  by 
shallow    girders,    with 


Angles 


Paching  Plate 


^X:r 


Fig.  6 


3    inches    by   t%    inch 
extremely  light  loads. 


though  on 
it  might  be  economical  to  use  angles 
as  light  as  21  inches  by  Ih  inches  by  -a,  inch.  Sizes  smaller 
than  this  should  certainly  never  be  used, for  this  purpose. 
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Stiffeners  should  always  extend  over  the  vertical  legs  of 
the  flange  angles;  they  should  always  be  either  swaged  out 
to  fit  over  the  flange  angles,  or  be  provided  with  a  filling 
piece,  as  illustrated  in  Fig.  2. 

Example  2. — The  end  reaction  on  a  plate  girder  is  300,000  pounds. 
If  a  compressive  fiber  stress  of  13,000  pounds  per  square  inch  is  allowed 
on  the  stiflfeners,  and  four  stiffeners  are  used,  as. shown  in  Fig.  6,  what 
should  be  the  size  of  the  angles? 

Solution. — The  reaction  or  greatest  shear  being  300,000  lb.,  and 
the  allowable  stress  13,000  lb.  per  sq.  in.,  the  area  of  the  stiffeners 
required  must  be  300,000  ^  13,000  =  23  sq.  in.;  this  sectional  area, 
divided  among  four  angles,  gives  23  -h  4  =  5.75  sq.  in.  as  the  area 
required  for  each  angle. 

By  referring  to  the  list  of  Angles  With  Equal  Legs,  in  the  table  in 
Properties  of  Sections,  it  is  seen  that  a  5"  X  5"  X  I"  angle  has  a  sec- 
tional area  of  5.86,  while  in  the  list  of  areas  of  the  angles  with  unequal 
legs,  a  5"  X  4"  X  "li"  is  shown  to  have  an  area  of  5.72  sq.  in.;  there- 
fore, either  of  these  angles  may  be  used.     Ans. 


FLANGES 

11.  The  flanges  of  a  riveted  girder  include  all  the 
metal  at  the  top  and  bottom  of  the  girder,  and  are  some- 
times called  the  top  and  bottom  chords,  though  this  term  is 
more  frequently  applied  to  lattice  or  open  girders,  such  as 
are  more  often  used  for  railroad  and  highway  bridges. 

In  building  construction,  it  is  customary  to  include  in  the 
flange  the  two  flange  angles,  the  flange  plates,  and  one- 
sixth  or  one-eighth  of  the  web-plate  included  between  the 
flange  angles. 

The  resisting  moment,  or  the  resistance  to  bending,  of  the 
section  may  be  calculated  as  follows: 

Taking  the  center  of  gravity  of  one  flange  section  as  a 
center,  the  moment  of  resistance  of  the  other  flange  is  equal 
to  the  area  of  the  flange  section  multiplied  by  the  distance 
between  the  centers  of  gravity  of  the  flange  areas  and  the 
safe  stress  per  square  inch  of  section.  The  resistance  of  the 
web  is  equal  to  its  section  modulus  multiplied '  by,  the  safe 
stress  per  square  inch.  Assuming  d  as  the  depth  of  the  web 
which  is  considered  Ifere  as  being  the  distance  between  the 
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centers  of  gravity  of  the  two  flanges,  the  resisting  moment 
of  the  entire  section  may  be  expressed  by  the  formula 

M.  =  Ads  +  '-^  (3) 

6 

in  which  A  =  area  of  flange  section; 

d  =  height  of  girder  between  centers  of  gravity  of 

flanges; 
5  =  allowable  stress  per  square  inch; 
b  =  thickness  of  web. 

Considering  6  d  as  equal  to  the  area  of  the  web,  or  A',  we 

have  M,  =  Ads+  — — ,  or  M,  =  ds(A  +  ^ j.     Thus,  it 

may  be  seen  that  the  entire  resistance  of  the  section  includes 
about  one-sixth  of  the  area  of  the  web,  and  consequently, 
one-sixth  of  the  web  may  be  considered  as  assisting  to  resist 
the  bending  moment  on  the  girder. 

The  reduction  of  the  moment  of  resistance  of  the  web  by 
rivet  holes  must  be  taken  into  consideration,  however,  and 
consequently  it  would  be  more  nearly  correct  to  assume 
one-eighth  of  the  depth  of  the  web  as  acting  with  the  flange 
to  resist  the  bending  moment. 

The  building  ordinances  of  some  of  the  large  cities  in  the 
United  States,  however,  will  not  allow  any  portion  of  the 
web-plate  to  be  included  as  part  of  the  flange.  In  this 
Section,  the  web-plate  will  not  be  considered  in  calculating 
the  flange  area. 

If,  because  of  economic  considerations,  one-sixth  or  one- 
eighth  of  the  web-plate  must  be  included  as  part  of  the 
flange,  it  should  be  remembered  that  the  plate  should  never 
be  spliced  near  the  center,  when  the  girder  is  uniformly  or 
symmetrically  loaded,  or  directly  under  the  point  of  greatest 
bending  moment,  when  the  load  on  the  girder  is  unsym- 
metrically  placed.  Especial  care  must  also  be  taken  to 
insure  that  any  splice  made  on  the  length  of  such  a  web- 
plate  is  so  designed  as  to  furnish  the  greatest  possible 
percentage  of  strength  of  the  solid  plate  included  within 
one-sixth  or  one-eighth  of  the  depth  of  the  web. 
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The  best  practice  dictates  that  where  flange  plates  are  used, 
the  sectional  area  of  the  flange  angles  should  equal  the 
sectional  area  of  the  flange  plates.  This,  however,  is  not 
possible  in  heavy  work,  where  the  best  that  can  be  done  is  to 
use  the  heaviest  sections  obtainable  for  the  flange  angles. 

12.  Flange  Stresses. — In  a  simple  girder,  the  top 
flange  is  subjected  to  compression  and  the  bottom  flange 
to  tension.  Nevertheless,  it  is  customary  in  practice  to 
make  the  two  flanges  equal  and  composed  of  the  same  size 
of  rolled  plates  and  angles. 


In  proportioning  the  flanges  of  a  plate  girder,  the  lower 
flange  is  calculated  for  tension;  the  areas  of  the  rivet  holes 
cut  out  of  the  flanges  are  deducted  from  the  total  area,  so  as 
to  give  the  net  or  actual  area  of  the  flange  at  the  point  of 
least  strength. 

The  stresses  in  the  flanges  are  assumed  to  be  produced 
wholly  by  the  bending  moment  on  the  girder,  and  the 
moments  of  these  stresses  are  assumed  to  be  equal  to  the 
moments  of  the  external  forces. 

The  principles  on  which  the  flange  stresses  of  a  plate 
girder  are  calculated  will  be  made  clear  by  reference  to 
Pig.  7,  which  shows  a  girder  in  two  sections  joined  by  a 


14  BEAMS  AND  GIRDERS  §14 

hinge  pin  c  at  the  vipper  flange,  and  a  chain  at  the  lower 
flange.  The  resultant  moment  of  the  loads  and  reactions 
tends  to  produce  rotation  about  the  center  c,  which,  how- 
ever, is  taken  at  a  point  in  the  upper  flange  instead  of  on 
the  neutral  axis,  as  was  done  in  the  case  of  the  beam  com- 
posed of  a  single  section;  in  reality,  owing  to  the  fact  that 
the  web  is  entirely  neglected  in  calculating  the  resistance  of 
the  girder  to  the  bending  stresses,  there  is  no  neutral  axis, 
in  the  sense  in  which  that  term  was  used  in  connection  with 
ordinary  beams.  Strictly  speaking,  there  may  be  said  to 
exist  a  neutral  axis  in  the  web,  similar  to  that  in  an  ordi- 
nary beam,  but,  on  account  of  the  thinness  of  the  web, 
the  additional  tensile  and  compressive  resistance  offered 
by  it  is  so  small  that  it  may  be  neglected,  as  far  as  the 
longitudinal  stresses  in  the  flanges  are  concerned.  The 
cetiters  of  moments  of  the  tensile  and  compressive  stresses 
are  therefore  supposed  to  be  shifted  to  the  upper  and  lower 
flanges,  respectively.  The  vertical  stresses  have  still  to  be 
transmitted  by  the  web  to  the  points  of  support,  the  com- 
pressive stresses  being  taken  up  by  the  stiffeners  and  the 
tensile  ones  by  the  web. 

The  stress  in  the  chain,  which  represents  the  lower  chord 
or  flange  of  the  girder,  resists  the  tendency  to  rotation  about 
the  center  of  moments  c,  with  a  lever  arm  /,,  which  is  the 
perpendicular  distance  from  the  chain  to  the  point  c.  It  is 
evident,  then,  that  the  strength  of  the  girder  depends  on  two 
factors:  the  tensile  strength  of  the  lower  chord,  and  its  dis- 
tance from  the  center  of  the  hinge  c,  the  latter  of  which 
represents  the  depth  of  the  girder. 

If  the  center  of  moments  is  taken  on  the  center  line  of  the 
chain,  directly  under  the  point  c,  it  is  evident  that  the  result- 
ant moment  of  the  external  forces,  with  respect  to  this 
center,  is  the  same  as  when  the  center  was  taken  at  c;  it  is 
also  evident  that  the  force  in  the  beam  whose  moment,  with 
respect  to  this  center,  balances  the  resultant  moment  of  the 
external  forces,  is  the  compression  on  the  pin  c.  Since  the 
moment  and  the  lever  arm  of  the  compressive  stress  on 
the  pin  are  respectively  equal  to  the  moment  and  the  lever 
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arm  of  the  tensile  stress  in  the  chain,  it  follows  that  these 
two  stresses  are  equal;  in  other  words,  the  compressive 
stress  in  the  top  flange  of  the  girder  is  equal  to  the  tensile 
stress  in  the  bottom  flange. 

13.  Proportioning  the  Flanges. — Having  determined 
the  principles  on  which  the  bending  strength  of  a  plate 
girder  is  calculated,  it  remains  to  show  a  method  for  pro- 
portioning the  metal  in  the  flanges.  The  usual  process  is 
as  follows: 

First  calculate  the  maximum  bending  moment  on  the 
girder;  in  calculating  the  bending  moment  on  a  plate  girder 
it  is  customary  to  express  the  moment  in  foot-pounds, 
the  depth  of  a  girder  being  generally  given  in  feet  and 
not  in  inches,  as  in  solid  beams  of  shallow  depth.  If, 
however,  the  depth  of  the  girder  is  expressed  in  inches, 
the  bending  moment  must  be  calculated  in  inch-pounds. 

Having  found  the  rnaximum  bending  moment  on  the 
girder,  it  is  necessary  to  assume  an  allowable  fiber  stress 
for  the  material  of  which  the  flanges  are  composed.  The 
following  rule  may  be  used  to  calculate  the  sectional  area 
of  either  flange: 

Kule. — Divide  the  bending  moment  on  the  girder,  in  foot- 
pounds, by  the  product  obtained  by  multiplying  the  depth  of  the 
girder,  in  feet,  by  the  safe  fiber  stress. 

The  safe  fiber  stress  for  a  given  case  is  obtained  by 
dividing  the  ultimate  fiber  stress  per  square  inch  of  the 
material  by  the  factor  of  safety  required  in  the  girder. 

The  rule  may  be  expressed  by  the  formula 

DXSa 

in  which  A  =  net  area  of  one  flange,  in  square  inches; 

D  =  depth  of  girder,  in  feet; 

Sa  =  safe  fiber  stress  per  square  inch  of  material; 

M  =  bending  moment  on  girder,  in  foot-pounds. 

Example.— The  depth  of  a  plate  girder  is  6  feet,  the  span  is  80  feet, 
and  the  load  on  the  girder  is  3,000  pounds  per  lineal  foot:     (a)  What 
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will  be  the  required  net  flange  area  for  structural  steel,  if  a  factor  of 

safety  of  4  is  used?     (d)  Of  what  size  rolled  sections  should  the  flange 

be  composed? 

Solution. — (a)  The  span  being  80  ft.  and  the  load  3,000  lb.  per 

lineal  ft.,  the  entire  load  on  the  girder  will  be  80  X  3,000  =  240,000  lb. 

WL 
Substituting  in  the  formula  M  =  — ;r—  for  the  bending  moment  on 

o 

...                ■         ;vr       240,000X80 
a  simple  beam,  gives  M  = ^ 

area  of  the  flange,  from  formula  4,  is 


2,400,000  ft.-lb.     The  net 


A 


2,400,000 
6  X  15,000 


=  26.7  sq.  in.    Ans. 


e'Jrsyf/lnff/es 


All  RiYets§cliam 


{b)  In  order  to  determine  the  size  of  the  flange  plates  and  angles,  it 
is  useful  to  assume  some  particular  size  of  angles  and  plates,  and  make 
a  detail  sketch  of  the  flange,  as  shown  in  Fig.  8,  marking  on  it  the 
size  of  the  respective  plates  and  angles  that  have  been  assumed.     The 

rivets  should  also  be  shown,  so 
that  the  metal  cut  out  of  the  rivet 
holes  may  be  deducted  from  the 
sectional  area  of  the  flange  in 
order  to  determine  that  area. 

It  is  assumed  in  the  section 
under  consideration  that  there  are 
two  rows  of  rivets  through  the 
vertical  legs  of  the  angles,  each 
pair  of  these  rivets  being  placed 
in  the  same  vertical  plane,  in  con- 
sequence of  which  the  amount  to 
be  deducted  from  the  net  section 
is  double  the  area  cut  out  for  one 
rivet.  The  rivets  in  the  two  rows 
through  the  horizontal  legs  of  each  angle  are  staggered,  and  conse- 
quently only  one  rivet  hole  in  each  horizontal  leg  afifects  the  area 
of  the  flange  section. 

According  to  the  table  Properties  of  Standard  Angles,  in  Properties 
of  Sections,  the  area  of  a  6"  X  6"  X  I"  angle  is  7.11  sq.  in.;  therefore, 
the  total  area  of  the  metal  in  the  flange  is 

Two  6"  X  6"  X  I"  angles,  7.11  X  2  =  1  4.2  2  sq.  in. 
Four  14"  X  f"  plates,      4  X  14  X  I  =  2  1.0  0  sq.  in. 

Total,      3  5.2  2  sq.  in. 

From  the  total  area  of  the  flange  it  is  necessary  to  deduct  the  metal 
cut  out  for  the  rivet  holes.  As  |-in.  rivets  are  used,  the  rivet  holes 
are  considered  to  be  \  in.  larger,  or  1  in.  in  diameter. 
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There  are  four  1-in.  holes  through  |  in.  of  metal  to  be  deducted 
from  the  vertical  legs  of  the  angles,  and  in  the  plates  and  the  hori- 
zontal legs  of  the  angles  there  are  two  1-in.  holes  through  2i  in.  of 
metal.     The  areas  to  be  deducted  for  the  rivet  holes  are,  therefore, 

Four  1-in.  holes  through  |  in.  of  metal    =  2i  sq.  in. 
Tvpo  1-in.  holes  through  2i  in.  of  metal  =  4i  sq.  in. 

Total,      6^  sq.  in. 

and  the  net  area  of  the  flange  is  35.22  —  6.75  =  28.47  sq.  in.  Since  the 
calculations  shovjred  that  the  net  area  required  in  this  flange  is  26.6 
sq.  in.,  it  is  evident  that  the  assumed  flange  is  amply  strong.     Ans. 

While  plate  girders  are  more  economical  than  box  girders, 
the  latter  are  stifler  in  a  lateral  direction  and  hence  should 
be  used  where  a  wide  top  flange  is  required  in  order  to 
furnish  the  necessary  lateral  stiffness  for  a  long  span.  If 
the  girder  is  not  held  in  place  laterally  the  top  flange  should 
have  a  width  equal  to  at  least  -gV  of  the  span.  Otherwise, 
the  gross  area  of  the  top  flange  may  be  found  by  the  fol- 
lowing formula: 

A'  ^  a(i  +  ^-)  (5) 

\        5,000/ 

in  which  A  =  gross  area  required  in  top  flange,  with  girder 
supported  laterally; 
A'  =  gross  area  in  top  flange,  girder  unsupported 
laterally; 
e  =  span  -H  width  of  flange,  both  in  inches. 

14.  Lengths  of  Flange  Plates. — Since  the  bending 
moment  in  a  simple  beam  varies  along  the  entire  length  of 
the  beam,  "the  location  of  the  maximum  bending  moment 
depending  on  the  distribution  of  the  load,  it  would  seem 
that  in  order  to  design  an  economical  girder,  the  area  of  the 
flange  should  vary  with  the  bending  moment.  Where  flange 
plates  are  used,  this  condition  may  be  partially  fulfilled  by 
the  use  of  plates  of  different  lengths,  each  extending  only  as 
far  as  may  be  required  in  order  to  provide  the  flange  section 
demanded  by  the  bending  moment. 

Reference  to  Fig.  9  will  make  this  construction  more  clear. 
In  this  figure,  it  is  seen  that  the  top  plate  of  the  top 
flange  is  the  shortest,  and  extends  over  a  small  portion  of 
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the  girder  only,  each  successive  plate  under  this  one  being 
longer  than  the  one  above  it.  The  third  plate  from  the  top 
is  the  longest  and  extends  nearly  the  full  length  of  the 
girder,  while  the  angles  extend  from  end  to  end. 

Top  P/ate 


■-- 

IFfan^e^ngr/e 

11 

J — LI 

.^^ 

_ 

=i^ 

HiH; 

^ 

q 

^ 

Fig.  9 

Where  the  beam  is  uniformly  loaded,  the  following  method 
may  be  used  to  obtain  the  theoretical  length  of  each  of  the 
flange  plates: 

Commencing  with  the  outside  plate  of  the  flange,  find  the 
sum  of  all  the  net  areas,  in  square  inches,  of  the  plates  to 
and  including  the  plate  in  question.  Thus,  in  Fig.  10,  if  it  be 
required  to  obtain  the  length  of  the  third  plate  from  the  top, 
find  the  sum  of  the  areas  of  the  first,  second,  and  third 
plates.  If  the  length  of  the  second  plate  is  required,  then 
the  sum  of  the  areas  of  the  first  and  second  plates  is  to  is 

taken.  Divide  the  area  so 
obtained  by  the  net  area  of 
the  whole  flange,  in  square 
inches,  and  multiply  the 
square  root  of  this  quotient 
by  the  length  of  the  girder, 
in  feet;  the  product  will  be 
the  theoretical  length  of  the 
plate  in  feet. 

Having  obtained  the  theo- 
retical length  of  the  plate, 
it  is  necessary  to  add  from 
12  to  16  inches  to  each  end, 
in  order  that  the  plate  in  question  may  be  carried  suf- 
ficiently past  the  point  of  bending  moment  that  governs 
the  area  of  the  flange  at  its  ends  to  be  securely  riveted  to 
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the  plates  and  angles  making  up  the  flange  from  there  on  to 
the  abutment. 

The  method  for  determining  the  length  of  flange  plates 
where  the  beam  is  uniformly  loaded  may  be  expressed  by 
the  formula 


=  ^V3 


(6) 


Xia   Plafes 


a- ^X^''^^  Angles 


in  which  Lp  =  theoretical  length,  in  feet,  of  plate  in  ques- 
tion; 

L  =  length  of  girder,  in  feet; 

a  =  net  area  of  all  plates  to  and  including  plate  in 
question,  beginning  with  outside  plate; 

A  =  total  net  area  of  entire  flange. 

Example. — In  Fig.  11  is  shown  a  section  through  the  flange  of  a 
plate  girder  the  span  of  which  is  60  feet.  What  is  the  theoretical 
length  of  each  of  the  three  flange 
plates  ? 

Solution. — The  area  of  a  4"  X  4" 
X  i"  angle,  according  to  the  table 
Properties  of  Standard  Angles,  in 
Properties  of  Sections,  is  3.75  sq.  in. 
The  area  of  each  plate  is  |  X  12 
=  4.5  sq.  in.  The  diameter  to  be 
deducted  for  the  rivet  holes  is  |  +  i 
=  i  in. 

The  area  cut  out  by  a  |-in.  hole 
through  a  f -in.  plate  is  .875  X  .375 
=  .328  sq.  in.     Then,    as  there  are  Fig.  11 

two  rivet  holes  in  each  plate,  its  net  area  is  4.5  sq.  in.  —  (.328  sq.  in. 
X  2)  =  3.844  sq.  in. 

The  net  area  of  the  angles  is  (3.75  sq.  in.  X  2)  -  (.4375  sq.  in.  X  4) 
=  5.75  sq.  in. 
*The  net  area  of  the  flange  section  is,  therefore. 

Three  plates  3.844  X  3  =  1  1.5  3  2  sq.  in. 

Two  angles       '  =     5.7  5  0  sq.  in. 

Total,       1  7.2  8  2  sq.  in. 

Now  calculate  the  length  of  the  outside  plate.     Substituting  in  the 
formula  gives 


AIIRivetsS  aliaHT. 


6oxi 


844 
282 


=  28.29  ft. 
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By  substituting  the  proper  values,   the  theoretical  length  of  the 
second  or  middle  plate  is 


=  «°>J51=^°-°**- 


The  length  of  the  third  or  last  plate  in  the  flange,  that  is,  the  one 
next  to  the  flange  angles,  is  next  to  be  calculated,  though  some  engi- 
neers prefer  to  run  this  the  entire  length  of  the  girder,  as  it  stiffens 
the  girder  laterally  and  assists  in  preventing  any  tendency  toward 
side  deflection.     The  theoretical  length  of  this  plate  is 


=  60^ 


11.532 
17.282 


=  49.12  ft. 


'fe  "xi Anglos 


All  Rivets  §  a/fam. 


15.     Graphic    Method    of    Determining   Length   of 

Flange  Plates. — The  graphic  method  for  determining  the 

theoretical   length   of   flange  plates   in   built-up    girders    is 

„     „  more  convenient  than  the 

4—iXI^  Hanae  Plates  ,    ,.  ,i_     j  •         i 

— analytic  method  previously 

given.  In  order  to  explain 
this  method,  a  section 
through  the  flange  of  a 
plate  girder  will  be  as- 
sumed and  the  lengths  of 
the  several  flange  plates 
determined. 

Fig.  12  shows  a  section 
through  the  flange  of  a 
girder,  built  up  of  four 
\"  X  14"  flange  plates,  the  span  of  the  girder  being  90  feet. 
It  will  be  noticed  that  there  are  two  rows  of  rivets  in  the 
flange,  and  two  rows  in  the  vertical  leg  of  the  angles,  but 
as  the  latter  are  staggered,  there  will  be  but  one  rivet  hole 
to  be  deducted  from  the  vertical  leg  of  each  angle. 

The  sectional  area  of  a  6"  X  6"  X  \"  angle  is  found  from 
the  table  Properties  of  Angles,  in  Properties  of  Sections,  to 
be  8.44  square  inches;  from  this  deduct  \\  square  inches,  the 
area  cut  out  by  the  two  rivet  holes,  making  the  net  area  of 
each  flange  angle  6.94  square  inches. 

The  sectional  area  of  a  h"  X  14"  flange  plate  is  7  square 
inches,  from  which  there  is  to  be  deducted  1  square  inch  for 


Fig.  12 
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the  sectional  area  cut  out  by  the  two  rivet  holes.  Hence,  the 
net  area  of  one  flange  plate  is  7  square  inches  —  1  square 
inch  =  6  square  inches. 

The  net  area  of  the  entire  flange  will,  therefore,  be 

Two  6"  X  6"  X  i"  angles       =  1  3.8  8  square  inches 
Four  i"  X  14"  flange  plates  =  2  4.0  0  square  inches 

Total,        3  7.8  8  square  inches 

Since  the  load  is  uniformly  distributed,  the  flange  plates 
extend  equally  on  each  side  of  the  center;  consequently,  the 
diagram  for  only  one-half  of  the  girder  will  be  drawn.  Draw, 
to  any  scale,  a  horizontal  line  a  b,  Fig.  13,  equal  to  one-half 
of  the  span;  divide  this  line  into  any  number  of  equal  parts 
(in  the  figure,  twelve  parts  have  been  used).  Upwards  from 
the  points  of  division,  draw  indefinite  perpendicular  lines. 
On  the  perpendicular  from  b,  lay  off  to  some  scale  a  distance 
that  represents  the  entire  net  section  of  the  flange,  thus 
locating  the  point  r.  For  example,  the  net  area  of  the  flange 
in  this  case  is  37.88  square  inches;  letting  iV  inch  represent 
1  square  inch,  the  distance  b  r  must  be  37.88  X  "i\  =  2.37 
inches,  nearly. 

Lay  off  to  the  same  scale  on  the  line  ^  r  a  distance  b  n, 
which  represents  13.88  square  inches,  the  net  area  of  the  two 
flange  angles,  also  the  distances  n  o,  op,  p  q,  and  q  r,  each 
representing  6  square  inches,  the  net  area  of  each  of  the 
flange  plates.  From  the  point  r,  draw  a  horizontal  line  cut- 
ting the  vertical  line  erected  at  a,  thus  locating  the  point  b'. 
Divide  the  vertical  line  a  b'  into  the  same  number  of  equal 
parts  as  the  line  a  b,  thus  locating  the  points  c',  d' ,  e' ,  f,  etc.; 
and  from  these  points,  draw  the  lines  c'  r,  d'  r,  etc.  Draw  the 
curve  asvr  through  the  points  where  the  vertical  lines  from 
c,  d,  e,  etc.  intersect  the  corresponding  lines  c'  r,  d'  r,  e'  r,  etc. 
Now  from  the  points  q,  p,  o,  and  n  draw  horizontal  lines  as 
shown,  cutting  the  curve  in  the  points  s,  t,  u,  and  v,  and  from 
each  of  these  points  of  intersection,  draw  a  perpendicular, 
extending  it  until  it  intersects  the  horizontal  line  next  above. 
The  rectangles  v'  r  q  v,  u'  q  p  u,  t'  p  o  f,  etc.  thus  formed, 
represent  the  flange  plates  and  angles. 


/' 
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In  order  to  obtain  the  theoretical  length  of  any  flange  plate, 
measure  the  length  of  the  corresponding  rectangle  by  the 
scale  to  which  the  half  span  was  laid  out  on  the  line  a  b;  this 
length  multiplied  by  2  gives  the  length  of  the  plate  in 
question.  For  example,  if  it  is  desired  to  obtain  the  length 
of  the  first  or  top  plate  with  the  scale  to  which  the  half 
span  was  laid  out,  measure  the  length  of  the  line  v' r;  as 
only  one-half  of  the  diagram  is  drawn,  this  gives  one-half  of 
the  length  of  the  top  or  first  plate,  and  by  doubling  this  the 
entire  theoretical  length  of  the  plate  in  question  is  obtained. 


iy/iof?  Sca//fta  fhAse  Oisf a/ices  with  the  same  Sca/e  6/  which  the 

^    Lentrtfjo/fhe  Linaah  was  measuree/,  fhe theoretica/ L engfh 

oft/?e  r/anye  P/ates  fnay  be  obfo/n&cf 


-  Divide  this  Distance  irtto  any  nuinbero/e^ual  Parts  - 

1  ay  off  this  Distance  with  any  convenientScaie^ 

ejuaitv  Onettai/ the  Span  cf  the  Girden. 

Fig.  14 


The  length  of  the  other  plates  may  be  determined  in  like 
manner.  It  is  to  be  borne  in  mind  that  to  the  theoretical 
length  given  by  the  "diagram  it  is  necessary  to  add  a  length 
of  about  1  foot  at  each  end  of  the  plate.  From  the  diagram, 
the  theoretical  lengths  of  the  flange  plates  of  the  girder 
shown  in  Fig.  13  are  found  to  be  35  feet  2  inches,  50  feet 
5  inches,  62  feet  2  inches,  and  71  feet  11  inches,  respectively. 
The  student  will  find  on  checking  these  lengths  by 
formula  6  that  they  are  approximately  correct.  Fig.  14, 
in  which  all  the  different  steps  are  indicated,  is  presented  in 
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order  that  the  student  may  always  have  a  guide  for  laying 
out  this  diagram. 

16.  Application  of  Graphic  Method  to  Girders 
With  Concentrated  Ijoads. — The  graphic  method  for 
determining  the  theoretical  length  of  flange  plates  when  the 
girder  is  loaded  with  concentrated  loads,  which  is  similar  to 
that  given  for  a  uniformly  loaded  girder,  will  be  illustrated 
by  constructing  a  diagram  for  the  lengths  of  the  four  flange 
plates  required  for  a  girder  with  a  span  of  80  feet  and  a 
depth  of  6  feet,  carrying  a  concentrated  load  of  185,000 
pounds   at  30  feet  from   one   end. 

The  bending  moment  on  the  girder  may  be  calculated  by 
the  formula 

M^Wx"^  (7) 

in  which  M  =  bending  moment; 

W  =  load  on  girder; 

L  =  span,  in  feet; 

X  =  distance  that  load  is  located  from  one  abut- 
ment; 

y  =  distance  that  load  is  located  from  other  abut- 
ment. 

In  Fig.  15,  the  load  is  located  at  the  point  /,  30  feet  from 
J?i  and  50  feet  from  i?,.  Substituting  these  values  in  the 
formula,  the  bending  moment  is  found  to  be  M  =  185,000 

X  ^^^^Q  =  3,468,750  foot-pounds. 
80 

From  this  bending  moment,  the  required  net  flange  area, 
assuming  a  safe  unit  stress  of  15,000  pounds  per  square 
inch,  is  found  to  be,  approximately,  38  square  inches,  which 
is  provided  by  the  use  of  four  i"  X  14"  plates  and  two 
6"  X  6"  X  i"  angles.  The  flange  therefore  has  the  section 
shown  in  Fig.  12. 

To  construct  the  diagram,  which  is  shown  in  Fig.  15,  draw 
the  base  line  c  d,  to  any  scale,  equal  to  the  span  of  the  girder, 
in  feet.  (In  this  case,  owing  to  the  fact  that  the  load  is  not 
symmetrically  placed,  the  center  line  of  the  girder  will  not 
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divide  the  lengths  of  the  plates  in  halves,  and  it  will  be 
necessary  to  draw  the  entire  diagram.)  Locate  the  point 
of  application  of  the  concentrated  load  at  30  feet  from  i?x, 


and  draw  the  perpendicular  line  ef.  On  this  line,  lay  off, 
to  any  scale,  a  distance  that  represents  the  bending  moment. 
For  example,  in  this  case,  a  scale  has  been  used  on  which 
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50,000  foot-pounds  is  represented  by  3-2  inch;  the  distance  to 
be  laid  oil  is,  therefore,  "tooW  X  A  =  2.168  inches.  This 
locates  the  point  g,  which  is  then  connected  by,  straight 
lines  to  the  points  c  and  d.  Draw  vertical  lines  from  the 
points  c  and  d  until  they  meet  a  horizontal  line  through  the 
point  £-,  at  g  and  r. 

In  the  flange  section,  the  angles  have  a  combined  net  area 
of  13.88  square  inches,  and  each  flange  plate  a  net  area  of 
6  square  inches.  The  combined  net  sectional  area  of  the 
flange  is  37.88  square  inches. 

Place  the  zero  mark  of  any  convenient  scale  at  the  point/, 
and  slant  the  scale  until  the  marking  on  the  scale  that  repre- 
sents 37.88  square  inches,  the  net  area  of  the  flange,  falls 
on  the  horizontal  line  g  r.  Thus,  in  this  case,  a  iV-inch  scale 
has  been  used,  and  the  zero  mark  is  placed  at  /,  while  the 
mark  on  the  scale  representing  the  division  37.88  is  placed 
on  the  horizontal  line  q  r.  With  the  scale  still  in  this  posi- 
tion, begin  at  the  zero  mark  and  lay  off  a  distance  13.88  to 
represent  the  net  sectional  area  of  the  two  angles;  then  lay 
off  four  distances,  each  equal  to  6,  to  represent  the  net 
sectional  area  of  each  of  the  flange  plates. 

Through  the  points  thus  found,  draw  the  horizontal  lines  hi, 
kl,  mn,  and  op.  At  the  points  s,u,w,y,  etc.,  where  these 
horizontal  lines  cut  the  oblique  lines  g^c  and  gd,  draw  the 
perpendicular  lines  st,  uv,wx,yz,  a' b' ,  etc.,  extending  each 
until  it  meets  the  next  horizontal  line  above.  Then  the  rect- 
angles enclosed  by  the  horizontal  and  vertical  lines,  shown 
heavy  in  the  diagram,  represent  the  cover-plates  and  flange 
angles.  By  measuring  the  lengths -of  these  rectangles  with 
the  scale  to  which  the  span  was  laid  off  on  the  line  cd,  the 
theoretical  length  of  the  plates  may  be  determined. 

In  this  case  the  length  of  the  angles  is  equal  to  the  span, 
80  feet,  as  marked  on  the  diagram.  The  length  of  the  first, 
or  top,  plate  measures  12  feet  9  inches;  of  the  second  plate, 
26  feet  0  inches;  of  the  third  plate,  39  feet  3  inches;  and  of 
the  fourth,  or  last,  plate,  52  feet  0  inches.  It  may  be  that 
when  the  student  lays  out  the  diagram  for  himself,  he  will 
obtain    results    that  will    vary    slightly    from    those    given. 
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However,  a  variation  of   a  few  inches  in  the  length  of  a 
flange  plate  on  a  girder  need  not  be  considered. 

17.  Graphic  Diagram  for  Several  Concentrated 
Lioads. — In  order  to  illustrate  this  method  still  further,  a 
more  complicated  problem,  in  which  there  are  three  con- 
centrated loads,  will  now  be  presented. 

Assume  that  a  girder  having  a  span  of  80  feet  with  a 
depth  of  6  feet  is  loaded  as  shown  in  Fig.  16.  What  flange 
area  is  reqtiired,  provided  that  a  safe  unit  fiber  stress  of 
16,000  pounds  per  square  inch  is  used,  and  of  what  should 
the  flange  be  constructed;  also,  what  will  be  the  length  of 
-the  several  flange  plates? 

The  reactions  at  i?,  and  R,  are  found  to  be  142,500  and 
117,500  pounds,  respectively.     It  will  first  be  necessary  to 


Fig. 16 


calculate  the  bending  moment,  in  foot-pounds,  at  the  points 
where  the  loads  a,  b,  and  c,  axe  concentrated.  The  bending 
moment  under  load  a  is  142,500  X  20  =  2,850,000  foot- 
pounds; under  load  b,  the  bending  moment  is  (142,500  X  30) 
—  (80,000  X  10)  =  3,475,000  foot-pounds;  and  the  bending 
moment  under  load  c  is  (142,500  X  50)- [(80,000  X  30) 
-I-  (60,000  X  20)]  =  8,525,000  foot-pounds. 

From  this  it  is  seen  that  the  greatest  bending  moment 
is  under  the  load  c,  and  its  magnitude  is  3,525,000  foot- 
pounds. 

From  this  the  flange  area  required  may  be  calculated  by 
applying  formula  4,  as  follows: 
3,525,000 


A  = 


6  X  16,000 


36.71  square  inches 
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We  will  now  select  a  flange  section  that  will  have  the 
required  net  sectional  area;  referring  to  the  section  shown 
in  Fig.  12,  the  area  is  found  to  be  37.88  square  inches;  this 
flange  will  therefore  satisfy  the  requirements. 

18.  Having  determined  the  bending  moments  and  the 
greatest  net  flange  area,  begin  the  diagram  shown  in  Fig.  17 
by  dirawing  to  any  scale  the  horizontal  line  de  equal  in  length 
to  the  span  of  the  girder;  with  the  same  scale  locate  the 
points  of  application  a,  b,  and  c  of  the  concentrated  loads. 
Upwards  from  the  points  d,  a,  b,  c,  and  e  draw  indefinite 
perpendicular  lines,  and  on  the  perpendiculars  from  a,  b, 
and  c  lay  off  to  some  convenient  scale  distances  af,bg,  and 
c  h,  which  represent  the  respective  bending  moments  at  these 
points. 

For  example,  the  bending  moment  at  a  is  2,850,000  foot- 
pounds; at  b,  it  is  3,475,000  foot-pounds;  and  at  c,  it  is 
3,525,000  foot-pounds;  therefore,  assuming  a  scale  on  which 
each  aV  inch  represents  50,000  foot-pounds  of  bending 
moment,  the  respective  bending  moments  at  the  points  a,  b, 
and  c  are  represented  by  lengths  «  /  of  57  thirty-seconds,  bg 
of  eOi  thirty-seconds,  and  c k  of  7O2"  thirty-seconds. 

Draw  straight  lines  connecting  the  points  £^, /,^,  A,  and  ^. 
Through  the"  highest  point  h,  representing  the  greatest 
bending  moment,  draw  the  horizontal  line  j  k. 

The  net  area  of  the  flange  being  37.88  square'  inches, 
place  the  zero  mark  of  any  convenient  scale  on  the  line  de, 
and  slant  the  scale  until  the  mark  that  represents  37.88  falls 
on  the  line  j  k. 

Starting  from  the  zero  mark  on  the  scale,  lay  off  a  distance 
that  represents  the  net  area  of  the  two  flange  angles,  in  this 
case  13.88  square  inches,  then  divide  the  remaining  distance 
into  equal  parts,  each  of  which  represents  6  square  inches, 
the  net  sectional  area  of  the  several  flange  plates. 

Through  the  points  just  found,  draw  the  horizontal  lines 
Im,  no,pq,  and  rs.  Where  these  horizontal  lines  intersect 
the  oblique  lines  at  -the  points  t,  u,  v,  w,  x,  etc.,  draw  ver- 
tical lines  until  they  intersect  the  next  horizontal  line  above. 
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Then  draw  in,  with  heavy  lines,  the  rectangles  representing 
the  flange  plates  and  flange  angles. 

The  theoretical  length  of  the  flange  plates  may  now  be 


«)  to   5 
^i  -i,  -i 

-     Xf     1^ 


2 


determined  by  measuring  with  the  scale  to  which  the  span 
was  laid  ofE  on  the  line  de.  The  length  of  the  top,  or  first, 
plate  in  this  case  is  found  to  be  32  feet  11  inches;  of  the 
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second  plate,  42  feet  6  inches;  of  the  third  plate,  61  feet 
3  inches;  and  of  the  fourth,  or  last,  plate,  59  feet  9  inches. 


1                                     Bv  Sca//ftif  these  Dis  tances,  with  the 

same  Scale  to  which  the  L  engffy  aft/je 
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Fig. 18 

In  Fig.  18  is  shown  a  diagram  that  will  serve  as  a  general 
rule  for  determining  the  length  of  the  several  flange  plates 
of  a  girder  loaded  with  several  concentrated  loads. 

19.  Diagram  for  a  Combination  of  Concentrated 
Lioads  With,  a  Uniformly  Distributed  Lioad. — There  is 
another    condition    of    girder    loading    that    is    frequently 


encountered  in  practical  work  in  whiclj  it  is  necessary  to 
determine  the  length  of  the  several  flange  plates  by  the 
graphic  method;  this  condition  is  produced  by  a  combination 
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i  s-eXe'xi'Anjr/es 

i. 


of  a  uniformly  distributed  load  with  several  concentrated 
loads  located  at  different  points  along  the  girder. 

In  order  to  explain  the  method  for  obtaining  the  length  of 
the  flange  plates  in  a  girder 
loaded  in  this  manner,  the  fol- 
lowing problem  will  be  assumed 
and  the  diagram  will  be  con- 
structed as  was  done  in  previous 
cases. 

Assume  the  girder  to  be 
loaded,  as  shown  in  Fig.  19, 
with  a  uniformly  distributed 
load  and  the  two  concentrated 
loads.  The  flange  section  shown 
in  Fig.  20  is  sufficient  to  resist  Fig.  20 

the  bending  moments  due  to  these  loads.  It  is  required  to 
determine  by  the  graphic  method  the  theoretical  lengths  of 
the  several  cover-plates  making  up  the  flange  section. 


Q  o/iam.  Rivets  ■ 


Fig.  21 


Before  starting  to  draw  the  diagram  shown  in  Fig.  21, 
it  is  necessary  to  make  the  calculations  for  the  following: 
The    greatest    bending    moment;    the    maximum    bending 
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moment  due  to  the  uniformly  distributed  load;  and  the 
bending  moment  under  each  of  the  concentrated  loads, 
neglecting  the  uniformly  distributed  load.  These  bending 
moments  should  be  expressed  in  foot-pounds.  The  flange 
area  required  to  resist  successfully  each  of  these  bending 
moments  should  also  be  calculated. 

The  calculations  in  this  case  have  been  made  in  the  usual 
manner,  and  the  results  are  as  follows: 

FOOT-PoUNDS 

Greatest  bending  moment =  2,070,000 

Bending  moment  due  to  a  uniform  load  .  =  900,000 
Bending   moment  under    concentrated   load   a, 

considering  the  concentrated  loads  only  .  .  =  1,170,000 
Bending   moment   under   concentrated  load  b, 

considering  the  concentrated  loads  only  .    .    =  792,000 

Since  the  depth  of  the  girder  is  4  feet,  if  a  unit  fiber  stress 

of  15,000  pounds  is  used,  the  flange  area  required  to  resist 

*u             .    ^  ^     A-                     ^   ■      A          2,070,000  „,  r- 

the   greatest  bending  moment  \5  A    =    — ^ =   34.5 

^  ^  4  X  15,000 

square  i^ches. 

The  flange  area  required  to  resist  the  bending  moment 

A        .      ^x.  -f  ^      A    ■       A  900,000  ,(. 

due  to   the  uniform   load  is  ^  = =   15   square 

4  X  15,000 

inches. 

The  flange  area  required  to  resist  the  bending  moment 

at  the  point  on  the  girder  where  the  concentrated  load  a 

is    situated,    considering    the    concentrated    loads    only,    is 

.         1,170,000         ,QX  .     , 

^  =   /       '  ^^^  =  192  square  inches. 
4  X  15,000 

The  flange  area  required  to   resist  the  bending  moment 

at  the  point  on  the  girder  under  the  concentrated  load  b  is 

.  792,000  15  o  •     u  -A    ■ 

^  =  :; Hr  r^r^r.  =  ^^-^  squarc  inches,  considering,  as  before, 

4  X  lo.UUU 

only  the  concentrated  loads. 

20.  As  the  loads  on  the  girder  are  not  symmetrically 
placed  with  regard  to  the  center,  it  will  be  necessary  to 
draw  the  complete  diagram.  Begin  the  diagram  by  drawing, 
to  any  convenient  scale,  the  horizontal  line  c  d,  Fig.  21,  equal 
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in  length  to  the  span  of  the  girder,  and  locate  the  points  of 
application  of  the  concentrated  loads  at  a  and  b\  upwards 
from  the  points  c,  a,  b,  and  d  draw  indefinite  vertical  lines. 

Now,  in  accordance  with  the  method  explained  in  Art.  15, 
make  the  construction  to  determine  the  curved  line  represent- 
ing the  bending  moment  due  to  the  uniform  load  as  follows: 

At  the  center  of  the  girder  draw  a  vertical  line  (in  this 
case  the  center  of  the  girder  is  found  to  be  at  the  point  where 
the  load  a  is  concentrated);  divide  half  the  span  into  any 
number  of  equal  parts,  as  at  e,  f,g,  h,  i,  etc.,  and  from  the 
points  so  obtained  draw  perpendiculars.  Lay  off  on  the 
vertical  line  passing  through  the  center  a  distance  a  /,  which 
may  represent  either  the  greatest  bending  moment  at  this 
point  due  to  the  uniform  load,  or  the  flange  area  required  to 
resist  this  bending  moment,  as  they  are  proportional.  In 
this  case  the  net  area  required  in  the  flange  will  be  used; 
hence,  as  the  area  of  the  flange  required  for  the  uniform 
load  is  15  square  inches,  if  tV  inch  is  assumed  to  represent 
1  square  inch  of  flange  area,  the  distance  a  I  will  be  rl  inch. 

Through  the  point  /,  draw  the  horizontal  line  m  n.  Divide 
the  distance  vtc  into  the  number  of  equal  parts  into  which 
the  half  of  the  span  was  divided,  and  from  the  points  r,  s,  t, 
u,  V,  etc.  thus  obtained,  draw  converging  lines  to  the  point  /; 
where  these  oblique  lines  intersect  the  vertical  lines,  mark 
the  points  a',  b',  c',  d',  etc.,  and  through  these  points  draw  the 
curve  c I.  Draw  the  other  half  of  the  curve  Id  in  the  same 
manner,  thus  completing  the  diagram  for  the  uniform  load. 

21.  Now  draw  the  diagram  for  the  concentrated  loads. 
On  the  vertical  line  a  I,  extended,  lay  off  the  distance  a  h', 
equal  to  the  net  flange  area  required  to  support  the  concen- 
trated load  a,  and  on  the  perpendicular  line  erected  at  b  lay 
ofl  the  distance  b  i'  equal  to  the  flange  area  required  at  the 
point  b  to  support  the  concentrated  loads. 

It  must  be  remembered  that  the  same  scale  is  to  be  used 
as  that  with  which  the  flange  area  required  for  the  uniform 
load  diagram  was  laid  off;  also,  that  if  the  vertical  distances 
are  laid  off  to  represent  the  bending  moment  in  the  one 
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case,  the  bending  moment  should  be  used  in  the  other, 
while  if  the  flange  area  required  is  used  in  the  one  case,  it 
is  evident  that  it  should  also  be  used  in  the  other.  The 
student  will  understand  the  importance  of  this  fact  when  he 
proceeds  further  with  the  diagram.  Having  located  the 
points  h'  and  i' ,  complete  the  diagram  by  connecting,  with 
straight  lines,  the  points  c,  h',  z',  and  d,  as  was  done  in  the 
previous  diagrams  of  concentrated  loads. 

The  next  step  in  the  process  is  to  measure  the  distance  ej' 
with  a  pair  of  dividers,  and  from  the  point  a'  on  the  curve 
representing  the  uniform  load,  lay  off  on  the  vertical  line 
the  distance  a'  k'  equal  to  e  j';  also  lay  off  from  the  point  b' 
the  distance  b'  ni'  equal  to  /  /',  and  from  the  point  c'  lay  off 
on  the  vertical  line  the  distance  c' n'  equal  to  go';  con- 
tinue in  this  manner  through  the  entire  diagram.  Having 
determined  the  points  k',  m',  n',  p',  etc.  through  the  entire 
diagram,  draw  in  the  curve  c  k'  m'  n',  etc.  The  point  i' 
is  the  highest  point  in  the  diagram,  and  its  distance  from  the 
horizontal  line  cd  represents  the  entire  flange  area  required 
in  the  girder  to  resist  the  greatest  bending  due  to  both  the 
uniform  and  the  concentrated  loads. 

Through  the  point  t',  draw  the  horizontal  line  u'v',  and 
lay  ofiE  between  the  horizontal  lines  u'  v'  and  c  d  the  several 
distances  representing  the  net  area  of  the  flange  plates  and 
flange  angles.  Through  the  points  of  these  divisions,  draw 
the  horizontal  lines  w'-x',  y'-z' ,  2'-3',  and  4'-5'.  Where  these 
horizontal  lines  intersect  the  curved  line  representing  the 
net  area  required  for  the  combined  uniform  and  concentrated 
loads,  draw  short  vertical  lines  to  the  next  horizontal  line 
above;  draw,  with  heavy  lines,  the  rectangles  representing 
the  flange  plates  and  flange  angles;  scale  the  length  of  the 
flange  plates  with  the  scale  to  which  the  span  c  d  was  laid  off, 
and  the  theoretical  length  of  the  flange  plates  will  be  found. 

In  the  girder  under  consideration,  the  theoretical  length 
of  the  top,  or  first,  plate  is  found  to  be  17  feet  1  inch;  the 
length  of  the  second  plate,  29  feet  6  inches;  the  length  of 
the  third  plate,  39  feet  0  inches;  and  the  length  of  the  last, 
or  fourth,  plate  is  46  feet  0  inches. 
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RIVET    SPACING 

22.  Rivets  in  End  Angles  or  Stiffeners  Over 
Abutments. — First,  the  allowable  safe  load  on  the  rivet 
should  be  determined.  Whether  the  double  shear  of  the 
rivet  or  the  bearing  value  of  the  plate  around  the  rivet  hole 
is  the  greater,  should  be  found  as  previously  explained. 
Having  obtained  the  safe  allowable  load  for  each  rivet,  a  suffi- 
cient number  should  be  placed  in  the  end  angles  or  stifiEeners 
to  take  care  of  the  entire  shear  at  that  point.  Assume  the 
reaction  at  the  end  of  a  girder  to  be  100,000  pounds;  i-inch 
rivets  are  used  and  the  web  is  f  inch  thick.  Using  an 
allowable  double  shearing  stress  of  12,000  pounds  per 
square  inch,  the  value  of  the  rivet  in  double  shear  is 
7,216  pounds,  while  the  web-bearing  value  is  5,251  pounds; 
as  the  latter  is  the  smaller,  it  is  the  allowable  load  on  the 
rivet.  The  number  of  rivets  required  in  the  two  pair  of 
end  angles  is,  therefore,  100,000  H-  5,251  =  19.04,  say  20, 
or  10  rivets  in  each  pair. 

23.  Rivets  in  Stiffeners  Between  Abutments. — If 

possible,  the  rivets  in  the  intermediate  stiffeners  are  usually 
spaced  the  same  as  in  the  end  stiffeners.  It  is  hardly 
possible  to  make  any  calculation  of  practical  value  in 
regard  to  the  number  and  spacing  of  these  rivets,  and  in 
fact  no  calculation  is  required;  a  practical  rule  is  that  the 
pitch  of  these  rivets  should  never  exceed  6  inches,  nor 
should  it  exceed  sixteen  times  the  thickness  of  the  leg  of 
the  angle. 

24.  Rivets  Connecting  Flange  Angles  With  Web. 

When  a  plate  girder  is  loaded,  the  tendency  of  the  flanges 
and  angles  is  to  slide  horizontally  past  the  web;  this  tendency 
to  slide  induces  a  horizontal  flange  stress.  The  rivets 
connecting  the  angles  to  the  web  resist  this  tendency,  and 
there  must  be  a  sufficient  number  of  rivets  to  do  it  safely. 
The  stress  that  is  transmitted  horizontally  from  the  web 
to  the  flange  at  any  point  is  equal  to  the  increment  of  the 
flange  stress  at  that  point.     When  the  web  is  not  considered 
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as  resisting  any  portion  of  the  bending  moment,  this  incre- 
ment is  found  by  the  formula 

/.  =  f  '        (8) 
h 

in  which  5  =  maximum  shear  at  point  considered; 

h  =  height,    in   inches,    between   center   lines    of 

rivets; 
/,■  =  increment  of  stress  per  inch  of  run. 

The  increment  of  stress  divided  into  the  resistance  of  one 
rivet,  gives  the  distance  between  centers  of  rivets,  or  their 
pitch.     Hence, 

^  =  ^=^  (9) 

^       S^        S 

h 

in  which  p  =  pitch  of  rivets; 

r  —  resistance  of  one  rivet; 
h  and  5  =  same  as  in  formula  8. 

Where  the  maxirrium  bending  moment  is  considered  as 
being  resisted  by  the  flange  area  and  one-eighth  of  the  web 
area,  the  pitch  of  the  rivets  is  increased  as  the  ratio  of  the 
flange  area  and  the  combined  area,  including  the  flange  area 
and  one-eighth  of  the  web.     Therefore, 

/  =  ^— ^X^  (10) 

when  a  portion  of  the  web  is  included  in  the  area  resisting 
the  shear.  In  this  formula,  A  has  the  same  value  as  in 
formula  4;  A'  is  equal  to  the  area  of  the  web,  while/,  r,  h, 
and  5  are  the  same  as  in  formula  9.  The  application  of 
formula  10  is  shown  in  the  following  example: 

Example. — A  plate  girder  having  a  span  of  40  feet  supports  a 
uniform  load  of  6,000  pounds  per  lineal  foot.  The  distance  from  the 
outside  reenforcing  angle  of  the  girder  over  the  abutment  to  the  first 
stiffener  is  4  feet,  while  the  depth  of  the  girder  from  center  to  center 
of  the  flange  rivets  is  3  feet.  The  thickness  of  the  web-plate  is  t^  inch 
and  its  depth  is  40  inches;  it  is  perforated  on  a  single  section  with  ten 
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if-iQch  rivet  holes.  Provided  that  the  safe  nnit  flange  stress  is  15,000 
pounds,  what  will  be  the  theoretical  pitch  of  the  |-inch  rivets  in  the 
vertical  legs  of  the  flange  angles  of  the  first  panel? 

Solution. — The  bending  moment  at  the  first  panel  point  is  equal 
to  the  moment  of  the  reaction  about  this  point  minus  the  moment  of 
the  load  on  the  first  panel;  hence,  M  =  (100,000  X  4)  -  (5,000  X  4  X  2) 
=  360,000  ft. -lb.  In  this  example,  the  depth  of  the  girder  will  be  con- 
sidered as  the  distance  between  centers  of  rivets;  then  substituting  in 

formula  4,  the  net  flange  area  equals  .,      .,'    _.     =  8  sq.  in.     The  net 

o  X  iO,uUU 

area  of  the  web  equals  (40Xi%)  -(lOXyf  Xtt)  =  9.961  sq.  in.     The 

area  of  the  flange,  not  including  any  portion  of  the  web,  is  therefore 

equal  to  8 ^-= — '=  6.755  sq.  in. 

o 

From  the  table  Shearing  Value  of  Rivets,  in  Details  of  Construction, 
the  shearing  value  of  a  |-in.  rivet  in  double  .shear  is  6,627  lb.  The  max- 
imum shear  at  the  point  under  consideration  is  100,000  —  (5,000  X  4) 
=  80,000  lb.     Then  substituting  these  values  in  formula  10, 


A  + 


P 


&   ..rh 


6.755  -I- 


9.961 


X 


8     ^^  6,627  X  36 


6.755 


X 


80,000 


=  3.53  in. 


or  3i  in. 
Ans. 

25.  The  example  given  below  illustrates  the  method  of 
finding  the  pitch  of  the  rivets  when  no  portion  of  the  web- 
plate  is  considered  as  resisting  the  bending  moment,  or 
when  formula  9  is  applied. 

Assume  a  girder  of  40  feet  span,  as  shown  in  Fig.  22, 
with  a  depth  of  4  feet,  and  a  uniformly  distributed  load  of 


Fig.  22 


200,000  pounds.  The  shearing  stress  in  the  girder  at  the  left 
reaction,  or  point  a,  is  equal  to  R^,  in  this  case  100,000 
pounds.  At  b,  4  feet  from  R„  the  vertical  shear  in  the 
girder  is  100,000  -  (5,000  X  4)  =  80,000  pounds;  at  c,  8  feet 
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from  i?x,  the  vertical  shear  is  100,000  -  (5,000  X  8)  =  60,000 
pounds;  at  d,  it  is  100,000  -(5,000  X  12)  =  40,000  pounds; 
at  e,  the  shear  is  20,000  pounds,  and  at  /  it  is  zero. 

By  substituting  the  above  results  in  formula  8,  the  rate  of 
increase,  per  inch  of  length,  or  the  increment  of  the  horizon- 
tal stress  in  the  flange  at  the  several  points  a,  b,  c,  d,  e,  and  / 
may  be  obtained.     Thus,  at  the  end  a  of  the  girder  the  increase 

in  the  horizontal  flange  stress  is         '    —  =  2,083  pounds  per 

inch  of  run;  at  b,  ~~~  =  1,667  pounds  per  inch  of  run;  at  c, 
4  X  12 

^^°^  =  1,250  pounds  per  inch  of  run;  at  d,  ^^^  =  833 
4  X  12  4  X  12 

pounds  per  inch  of  run;  and  at  e,      '         =  417  pounds  per 

4  X  J-^ 

inch  of  run. 

If  f-inch  rivets  are  used,  the  safe  load  for  one  rivet, 
at  12,000  pounds  per  square  inch,  in  a  f-inch  plate,  is 
8,938  pounds,  from  the  table,  Bearing  Value  of  Riveted 
Plates,  in  Details  of  Construction,  and  in  web  bearing,  the 
strength  of  one  rivet  is  3,938  X  li  =  5,251  pounds  per 
square  inch.  At  the  end,  where  the  increase  in  stress  is 
2,083  pounds  per  inch  of  run  the  pitch  of  the  rivets  should 
be  5,251  -=-  2,083  =  2.52  inches,  from  center  to  center. 
At  b,  the  maximum  allowable  pitch  of  the  rivets  is  5,251 
-^  1,667  =  3.75  inches;  at  c,  the  pitch  may  be  5,251  -^  1,250 
=  4.20  inches;  and  at  d,  5,251  h-  833  =  6.30  inches.  Since, 
for  practical  reasons,  the  rivets  in  the  vertical  leg  of  the 
flange  are  spaced  the  same  in  both  the  upper  and  lower 
chords,  and  since  the  greatest  allowable  pitch  of  rivets  in  a 
compression  member  is  6  inches,  it  is  needless  to  carry  the 
calculation  further. 

Hence,  the  pitch  of  the  rivets  between  a  and  b  should 
be  22  inches;  between  b  and  c,  3f  inches;  between  c  and  d, 
4i  inches;  since  the  theoretical  pitch  between  d  and  e  is  more 
than  6  inches,  which  for  practical  reasons  is  not  allowable, 
all  the  rivets  between  d  and  the  center  of  the  gii^der  should 
be  spaced  6  inches  from  center  to  center. 
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26.  Effect  of  Vertical  Stress. — Sometimes  the  vertical 
as  well  as  the  horizontal  stress  in  the  flange  is  taken  into 
account  in  spacing  the  rivets,  in  which  case  the  resultant 
of  the  two  stresses  is  the  stress  that  must  be  provided  for. 
The  vertical  stress  is  due  directly  to  the  load  resting  on  the 
flange  of  the  girder,  which,  through  the  rivets,  is  transmitted 
to  the  web-plate. 

In  the  plate  girder  shown  in  Fig.  22,  the  increase  in  the 
horizontal  flange  stress  at  the  end  is,  as  previously  calcu- 
lated, 2,083  pounds  per  inch  of  run;  the  load  on  the 
girder  being  uniformly  distributed,  the  vertical  stress  on 
the  flange,  per  lineal  inch,  is  equal  to  the  entire  load  on 
the  girder  divided  by  the  span  of  the  girder  in  inches; 
it  is,  therefore,  200,000  --  (40  X  12)  =  416  pounds  per 
inch  of  run. 

The  total  stress  to  be  resisted  by  the  rivets  is,  therefore, 
equal  to  the  resultant  of  2,083  pounds — due  to  the  increase 
in  the  horizontal  stress  on  the  flange — and  the  vertical  stress 
of  416  pounds;  this  resultant  is  V2,083''  -f-  416"  =  2,124 
pounds  per  inch  of  run.  The  pitch  of  the  rivets  at  the  end 
of  the  girder  would  then  be  5,251  -=-  2,124  =  2.47,  approxi- 
mately, 2i  inches. 

At  5,  4  feet  from  the  end  of  the  girder,  the  horizontal 
increment  of  stress  on  the  flange,  as  previously  calculated, 
is  1,667  pounds  per  inch  of  run,  while  the  vertical  stress 
remains,  the  same;  the  combined  action  of  these  two  forces 
produces  a  resultant  stress  on  the  rivets  of  Vl,667''  +  416" 
=  1,717  pounds  per  inch  of  run,  and  this  divided  into  the 
value  of  one  rivet  gives  5,251  -^  1,717  =  3.06,  or  about 
3i  inches.  Similar  calculations  may  be  made  for  each  panel 
point  to  the  center  of  the  girder,  or  until  the  pitch  exceeds 
the  allowable  limit  of  6  inches. 

The  above  results  show  that  the  values  of  the  pitch  in 
which  the  vertical  stress  due  to  the  load  is  taken  into  account, 
are  nearly  the  same  as  those  first  obtained;  the  effect  of  the 
vertical  stress  has,  therefore,  little  influence  on  the  pitch  of 
the  rivets,  and  it  is  hardly  necessary  to  go  into  such  refine- 
ment in  the  design  of  an  ordinary  plate  girder. 
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27.  Rivets  Spaced  According  to  Stress  Produced 
by  Bending  Moment. — The  rivets  that  connect  the  flange 
angles  with  the  web-plate  may  also  be  spaced  according  to 
the  stresses  produced  on  the  flanges  by  the  bending  moment. 

The  horizontal  stress  on  the  flanges  diminishes  either  way 
from  the  point  of  greatest  bending  moment  toward  the  end 
reactions,  where  it  becomes  zero,  and  for  any  point  this 
stress  may  be  calculated  by  the  application  of  the  principle 
of  moments. 

If  the  bending  moment  is  obtained  at  any  panel  point  and 
is  divided  by  the  depth  of  the  girder,  the  stress  on  the 
flange  at  that  point  will  be  obtained;  and,  if  this  stress  is 
divided  by  the  allowable  load  on  one  rivet,  the  number  of 
rivets  required  between  that  point  and  the  end  reaction  will 
be  obtained. 

For  example,  in  the  girder  used  in  the  previous  illustra- 
tion, Fig.  22,  the  span  being  40  feet  and  the  load  200,000 
pounds,   the    bending    moment    at    the    center   is    equal   to 

WL        200,000  X  40         .  [.t^f.  f^nnt      ,  ^       ,u        ^v,     A      .u 

— -—  = '- — — ^^ =  1,000,000  foot-pounds;  then  the  depth 

8  8 

of  the  girder  being  4  feet,  the  flange  stress  at  this  point  is 

1,000,000  H-  4  =  250,000  pounds.       The  allowable  load  on 

each  rivet  being  5,251  pounds,  the  number  of -rivets  between 

the  center  and  the  end  reaction  is  250,000  ^  5,251  =  48  rivets, 

approximately. 

Now,  although  the  number  of  rivets  between  the  end 
reaction  and  the  center  of  the  girder  has  been  obtained,  the 
pitch  of  these  rivets  is  still  unknown.  Sinte  the  horizontal 
stress  in  the  flange  varies,  being  greatest  at  the  ends  and 
least  under  the  position  of  maximum  bending  moment,  it 
follows  that  the  rivets  should  be  spaced  nearer  together  at 
the  ends,  with  an  increase  in  the  spacing  toward  the  point 
of  greatest  bending  moment. 

In  practical  work,  the  rivet  spacing  is  seldom  varied  in 
any  one  panel;  if,  however,  the  flange  stress  is  obtained  at 
each  of  the  stiffeners  b,  c,  d,  e,  and  /,  Fig.  22,  the  number 
of  rivets  required  between  each  of  these  points  and  the  end 
reaction  may  be  obtained;  by  finding  the  difference  between 
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these  numbers  for  any  two  consecutive  stiiffeners,  the  number 
of  rivets  required  in  the  panel  between  those  stififeners  is 
arrived  at.     For  example,  the  stresses  on  the  flange  at  each 

as 


of   the    stiffeners    of    the   girder   shown 

in 

Fig.   22   are   £ 

follows: 

Bending  Moment    Depth  of  Girder 

Flange  Stress 

FooT-PouNDS                    Feet 

Pounds 

Atb, 

360,000 

4 

= 

90,000 

At  c, 

640,000 

4 

= 

160,000 

At  d, 

840,000 

4 

= 

210,000 

At  e, 

960,000 

4 

= 

240,000 

At  /, 

1,000,000 

4 

= 

250,000 

The  approximate  number  of  rivets  between  each  stiffener 
and  the  reaction  i?,  is  as  follows: 

Between  b  and  J?„  '  90,000  -f-  5,251  =  18  rivets 
Between  c  and  /?„  160,000  ^  5,251  =  31  rivets 
Between  d  and  R„  210,000  -^  5,251  =  40  rivets 
Between  e  and  R„  240,000  -f-  5,251  =  46  rivets 
Between  /  and  R„  250,000  ^  5,251  =  48  rivets 

Then  the  number  of  rivets  required  is: 

Between  b  and  a,  18  —    0  =  18  rivets 
Between  c  and  b,  31  —  18  =  13  rivets 
Between  d  and  c,  40  —  31  =     9  rivets 
Between  e  and  ^,  46  —  40  =     6  rivets   • 
Between  /  and  ^,  48  —  46  =    2  rivets 

Consequently,  the  pitch  between  the  stiffeners  will  be  as 
follows: 

Between  b  and  a,  48  h-  18  =  2.67  inches 

.  Between  c  and  b,  48  -^  13  =  3.69  inches 

Between  d  and  c,  48  -f-    9  =  5.33  inches 

Between  d  and  e,  A8  -r-    6  =  8.00  inches 

Between  d  and  e  the  theoretical  pitch  exceeds  6  inches,  the 
limit  allowable  for  a  compression  member. 

By  the  first  method,  the  pitch  at  each  stiffener  or  panel 
point  is  determined,  while  by  the  second  the  average  pitch 
between  two  consecutive  panel  points  is  obtained;  in  order 
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to  compare  the  two,  we  will  reduce  the  results  obtained  by 
the  first  to  the  basis  of  the  second.  In  the  first  method  the 
pitch  at  the  several  stiffeners  or  panel  points  was  found  to  be: 

At  a  =  2.52  inches  At  c  =  4.20  inches 

At  5  =  3.75  inches  At  ^  =  6.30  inches 

From  these  the  average  pitch  between  the  several  points 
would  be: 

Between  a  and  d,  (2.52  +  3.75)  H-  2  =  3.14  inches 
Between  b  and  c,  (3.75  +  4.20)  H-  2  =  3.98  inches 
Between  'c  and  ci,  (4.20  +  6.30)  -e-  2  =  5.25  inches 

These,  on  comparison,  are  found  to  correspond  approxi- 
mately with  the  values  2.67,  3.69,  and  5.33  inches  obtained 
by  the  second  method. 

'  28.  Rivets  Spaced  According  to  Direct  Vertical 
Shear. — This  is  the  method  much  used  in  practical  work,  and 
will  be  found  to  give  safe  results,  corresponding  favorably 
with  those  obtained  by  the  previous  methods.  The  method 
is  based  on  the  assumption  that  at  any  point  the  horizontal 
shear  between  the  flange  angles  and  the  web-plate  is  equal 
to  the  vertical  shear  on  the  girder;  for  example,  the  vertical 
shear  at  the  end  stifiEener  or  point  a,  Fig.  22,  is  100,000 
pounds;  then,  according  to  this  method,  the  shearing  stress 
between  the  flange  angles  and  the  web-plate  is  100,000 
pounds,  distributed  over  the  space  between  the  panel  points 
a  and  6,  and  sufficient  rivets  should  be  placed  between  these 
points  to  safely  sustain  this  shear. 

The  allowable  web-bearing  load  on  a  i-inch  rivet  in  a  f -inch 
plate  being  5,251  pounds,  the  number  of  rivets  required 
between  a  and  b  is  100,000  -H  5,251  =  20,  approximately;  the 
vertical  shear  at  6  is  80,000  pounds,  and  80,000  -=-  5,251  '=  16, 
approximately,  the  number  of  rivets  to  be  used  between 
d  and  c;  the  shear  at  c  is  60,000  pounds,  and  60,000  -f-  6,251 
=  12,  approximately,  the  number  of  rivets  to  be  used  between 
c  and  d;  similarly,  the  number  of  rivets  required  between 
d  and  e  is  found  to  be  8.  According  to  these  results,  the 
pitch    of    the    rivets    between   a    and    b  should   be  48  -r-  20 
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=  2.4  inches;  between  b  and  c,  48  -=-  16  =  3  inches;  between 
c  and  d,  4  inches;  and  from  there  on,  6  inches. 

Rivet  spacing  in  plate  girders  is  governed  so  largely  by 
practical  considerations,  that  this  method  is  to  be  recom- 
mended on  account  of  its  convenience.  It  gives  safe  results 
that  agree  closely  with  those  obtained  by  the  more  cumber- 
some methods. 

29.  Graphic  Method  of  Determining  Number  of 
Rivets  in  Vertical  Leg  of  Flange  Angles. — Besides  the 
several   analytical   methods   of  determining  the  number  of 


V-3'-o"- 


-y-ff'-A- 


-  //a//S/>a/!£5-0  - 


Fig.  23 


rivets  through  the  vertical  legs  of  the  flange  angles  in  the 
several  panels  of  the  plate  girder,  a  convenient  graphic 
method  that  gives  approximate  results  sufficiently  accurate 
for  all  practical  purposes  is  illustrated  in  Fig.  23.  In  this 
method,  a  diagrammatic  drawing  of  one-half  of  the  plate 
girder  with  the  stiffeners  properly  placed,  is  made  to  scale, 
as  shown  ^.t  abed.  The  number  of  rivets  required  through 
the  vertical  leg  of  the  top  flange  of  the  plate  girder,  from  the 
center  line  of  the  girder  to  the  abutment,  is  next  calculated 
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by  the  method  described  in  Art.  27,  which  consists  in  first 
calculating  the  bending  moment,  in  foot-pounds,  due  to 
the  uniformly  distributed  load  and  dividing  by  the  depth  of 
the  girder,  in  feet,  the  result  being  the  horizontal  flange 
stress.  This  stress  divided  by  the  allowable  resistance  of 
one  rivet  will  give  the  number  of  rivets  between  the  center 
of  the  plate  girder  and  the  abutment,  or  between  a  and  b 
in  the  sketch.  Having  determined  the  number  of  rivets 
required  between  these  points,  lay  off  any  vertical  distance, 
as  b  e,  and  through  the  points  a  and  e  describe  a  parabola  by 
the  method  explained  in  Art.  15.  Having  drawn  in  the 
parabola  as  shown  in  the  figure,  extend  upwards  the  center 
lines  of  the  angle  stiffeners  on  the  plate  girder  until  they 
intersect  the  parabola,  as  at  /,  g,  h,  i,  and  j.  Through  the 
points  of  intersection,  extend  horizontal  lines  until  they 
intersect  the  line  be,  the  greatest  ordinate  of  the  parabola, 
which  is  coincident  with  the  center  line  of  th6  plate  girder. 
Having  proceeded  thus  far,  divide  the  length  of  the  greatest 
ordinate  of  the  parabola,  or  the  distance  be,  into  the  same 
number  of  equal  parts  as  there  are  rivets  required  between  a 
and  b.  This  may  conveniently  be  done  by  applying  the 
scale  obliquely  between  the  horizontal  lines  ke  and  ab,  as 
'explained  in  connection  with  the  method  for  determining 
the  length  of  the  flange  plates  in  compound  riveted  girders. 
Assuming  that  in  the  diagram  forty  rivets  are  required 
between  a  and  b,  and  that  in  consequence  there  are  forty 
divisions  on  the  scale,  the  number  of  rivets  between  a  and  / 
will  equal  the  number  of  spaces  between  b  and  /',  or  nine. 
The  number  of  rivets  between  /  and  m  will  equal  the  spaces 
between  /'  and  m' ,  or  eight,  while  between  in  and  n,  from  the 
portion  included  between  m'  and  n' ,  there  would  be  required 
ten  rivets.  In  the  panel  n  o,  the  theoretical  number  of  rivets 
will  equal  eight,  while  between  o  and  p,  the  theoretical 
requirements  will  be  fulfilled  by  placing  four  rivets  through 
the  vertical  leg  of  the  flange  angles.  In  all  cases  where  there 
is  a  fraction  of  a  rivet  in  a  panel,  one  additional  rivet  should 
be  used.  Since  between  a  and  I  nine  rivets  are  required, 
and  the  distance  from  the  center  of  the  end  stiffener  to  the 
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center  of  the  stifEener  /  is  36  inches,  the  theoretical  pitch 
between  a  and  /  will  equal  36  -=-  9  =  4  inches. 

In  the  panel  Im,  since  there  are  eight  rivets  required,  the 
pitch  will  be  36  ^  8  =  4.5  inches.  Between  m  and  «,  there 
are  ten  rivets  required  and  the  theoretical  pitch  will  be 
57  -=-  10  =  6.70  inches.  The  number  of  rivets  required 
between  n  and  o  is  eight,  and  consequently  their  pitch  will 
be  57-7-8  =  7.13  inches.  This  last  distance  is  greater  than 
the  maximum  allowable  pitch  for  rivet  spacing  in  plate 
girders;  therefore,  it  is  needless  to  calculate  the  theoretical 
pitches  in  the  remaining  panels.  From  these  calculations  it 
is  probable'  that  in  designing  the  plate  girder  a  pitch  of 
4  inches  will  be  adopted  for  the  panels  a  I  and  /  m,  provided 
that  a  single  row  of  rivets  is  used,  while  throughout  the 
remaining  panels  of  the  girder  the  rivets  will  be  spaced  at 
the  maximum  pitch  of  6  inches. 

30»  The  student  will  observe  in  this  method  the  applica- 
tion of  the  principles  involved  in  the  graphic  method  for 
determining  the  length  of  the  flange  plates  of  the  girder 
supporting  the  uniformly  distributed  load.  The  parabola 
always  represents  graphically  the  bending  moment  created 
in  a  simple  beam  by  a  uniformly  distributed  load.  Since 
the  horizontal  flange  stress  varies  directly  with  the  amount 
of  the  bending  moment  throughout  the  girder,  it  is  evident 
that  the  parabola  likewise  truly  represents  the  flange  stress 
between  the  abutments  and  the  center  line  of  the  girder. 
Likewise,  if  the  middle  or  greatest  ordinate  of  the  parabola 
represents  the  horizontal  flange  stress,  to  scale,  at  the  center 
of  the  girder,  the  ordinates  of  the  parabola  at  any  point  will 
equal  the  horizontal  flange  stress  at  that  point.  If  the 
heights  of  the  ordinates  projected  from  the  center  line  of 
each  stiflEener  are  laid  off  on  the  center  ordinate  and  the 
center  ordinate  is  reduced  from  horizontal  flange  stress  to 
the  number  of  rivets  whose  resistance  will  equal  the  amount 
of  flange  stress,  then  the  ratio  between  the  several  ordi- 
nates and  the  greatest  ordinate  will  be  the  same  as  the  ratio 
of  the  number  of  rivets  required  between  the  ordinate  and 
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the  abutment  of  the  girder  and  the  number  of  rivets  required 
between  the  center  of  the  girder  and  the  abutments;  that  is, 
the  length  mg  is  to  the  length  eb  ■&■&  the  number  of  rivets 
between  a  and  m  is  to  the  number  of  rivets  between  a  and  b; 
thus,  if  the  length  of  the  ordinate  mg-were  equal  to  Irl  inches 
and  the  length  of  the  ordinate  eb  were  3f  inches,  while  the 
number  of  rivets  required  between  a  and  b  is  40,  the  number 

of  rivets  required  between  m  and  a  would  equal  — ^-^^ — ;  or, 

be 

substituting  the  values,  1:59^^40  _  ^^^^^  ^^  j^_  p.g_ 
uring  in  the  same  way,  if  //  were  S  inch,  the  number  of 

rivets  between  /  and  a  would  equal  '- — — =  9.     The 

3.75 

difference  between  the  number  of  rivets  required  between  the 

points  a  and  m  and  the  points  a  and  /  equals  17  —  9  =  8, 

which    accurately    expresses    the    number    of    rivets    called 

for  by  the  space  I'm'. 

Example  1. — A  plate  girder  60  feet  long  and  4  feet  in  depth  is  loaded 
with  a  uniformly  distributed  load  of  2,000  pounds  per  lineal  foot. 
Required,  by  the  graphic  method,  the  theoretical  pitch  of  rivets 
through  the  vertical  leg  of  the  flange  angle  in  the  several  panels, 
assuming  that  the  allowable  resistance  of  each  rivet  is  4,800  pounds. 
The  first  two  panels  are  3  feet  9  inches,  and  the  remainder  5  feet 
in  length. 

Solution. — The  maximum  bending  moment,  which  occurs  at  the 

WL 
center  of  the  girder,   is  expressed  by  the  formula  M  =  — 5 — .     The 

o 

value  of  W,  according  to  the  problem,  is  2,000  X  60  =  120,000, 
while  L  or  the  length  of  the  girder  equals  60  ft.     By' substitution,  the 

bending  moment,  M  =  ^^"'"f  ^  ^  =  900,000  ft. -lb.     Since  the  depth 

o 

of  the  girder  is  4  ft.,  the  horizontal  flange  stress  at  the  center  of  the 
girder  is  900,000  H-  4  =  225,000  lb.  The  strength  of  each  rivet  equals 
4,800  lb.;  hence,  the  number  of  rivets  required  between  the  center  and 
the  end  is  225,000  -h  4,800  =  46.875,  or  approximately  47.  Having 
obtained  this  result,  lay  out  a  diagrammatic  elevation  of  one-half  of 
the  plate  girder  to  scale,  as  shown  in  Fig.  24,  locating  the  stiffeners 
where  required.  On  this  plate  girder  draw  one-half  of  the  parabola, 
the  center  ordinate  of  the  parabola  coinciding  with  the  center  line  of 
the  girder.  By  placing  a  convenient  scale  obliquely  between  the 
horizontal  lines  a  b  and  c  d,  divide  the  greatest  ordinate  into  47  equal 
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parts.  Extend  upwards  from  the  points  k,  /,  in,  n,  o,  and  p  the  several 
ordinates,  as  shown,  and  project  the  points  e,  f,g,  h,  i,  and  j  horizon- 
tally to  the  greatest  ordinate  of  the  parabola. 

From  the  diagram,  Fig.  24,  the  number  of  rivets  required  between 
the  several  panel  points  is  as  follows: 

Between  a  and  k,  11  rivets  Between  n  and  o,  5  rivets 

Between  k  and  /,  10  rivets  Between  o  and  p,  3  rivets 

Between  /  and  wi,  11  rivets  Between />  and  b,  1  rivet 

Between  m  and  n,    8  rivets 


The  distance  between  the  panel  points  or  the  center  line  of 
stifEeners  for  the  first  two  panels    is    equal  to  45  in.,  while  for 


the 
the 


L 

1 

.1 

— 3-^"-+- j-p'-4—  s-o"^ 

V-  s'-o"  — 

a// span  3C 

r  /'-^"^^^  s-o'-A 

■i 

Fig.  24 

remaining  panels  the  stiffeners  are  spaced  60  in.  on  center  lines;  hence, 
the  pitch  between  the  several  theoretical  panel  points  from  the  abut- 
ment toward  the  center  is  as  follows: 

Between  a  and  ^  =  45  -^  11  =  4.09  in. 

Between  k  and  /  =  45  -;-  10  =  4.5  in. 

Between  /  and  >«  =  60  -^  11  =  5.45  in. 

Between  m  and  ??  =  60  -^    8  =  7.5  in. 

The  calculations  need  not  be  carried  further,  for  the  theoretical  pitch 
of  the  rivets  in  the  next  panel  beyond  Im  exceeds  the  maximum 
allowable  pitch  for  rivets  in  plate  girders.    Ans. 
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Example  2. — Find  the  pitch  o£  the  rivets,  by  the  graphic  method, 
in  the  several  panels  o£  a  plate  girder  having  a  span  of  75  feet  and  a 
depth  of  5  feet.  The  length  of  the  panels  throughout  the  girder  is 
5  feet  and  the  load  supported  is  2,500  pounds  per  lineal  foot.  The 
strength  of  one  rivet  may  be  taken  at  5,000  pounds,  and  the  rivets 
should  be  placed  in  two  rows. 

Solution. — As  in  the  previous  examples,  the  diagram  should  be 
laid  out  and  the  parabola  representing  the  bending  moment  drawn, 
as  shown  in  Fig.   25.     The  number  of  rivets  required  between  the 


Fig.  25 

center  and  the  end  is  found  by  dividing  the  strength  of  one  rivet  into 
the  quotient  obtained  by  dividing  the  bending  moment  by  the  depth 
2,500  X  75  X  75 


of  the  girder.   Thus, 


70.3,  or  71  rivets. 


8  X  5  X  5,000 

Divide  the  greater  ordinate  b  c  into  seventy-one  equal  spaces  and 
project  horizontal  lines  from  the  points  where  the  lines  drawn  from 
the  panel  points  e,  f,g,h,  etc.  intersect  the  parabola,  thus  determin- 
ing the  number  of  rivets  required  in  each  panel.     The  first  requires 
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eighteen;  the  second,  fifteen;  the  third,  thirteen;  etc.  Then  the  spa- 
cing in  the  first  panel  is  60  -H  18  =  3.3  in.;  for  the  second  panel  the 
pitch  is  60  -h  15  =  4  in.;  for  the  third  and  fourth  panels  the  pitch 
is  found  to  be  4.6  in.  and  6  in.,  respectively.  As  6-in.  angles  would 
undoubtedly  be  used  in  this  girder,  it  is  advisable  to  place  the 
rivets  in  two  rows;  in  the  first  two  panels  they  may  be  spaced  6  in.  in 
each  row,  while  in  the  remaining  panels  the  pitch  will  be  8  in,,  which 
is  the  maximum  pitch  for  rivets  placed  in  a  double  row.     Ans. 

31.  Pitch  of  Rivets  in  Girders  Supporting  Con- 
centrated Loads. — In  order  to  illustrate  the  method  of 
finding  the  pitch  of  the  rivets  in  a  girder  that  supports  con- 
centrated loads,  the  conditions  shown  in  Fig.  26  (a)  will  be 
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assumed.  The  greatest  bending  moment  occurs  under  the 
loads  and  along  the  length  of  the  girder  between  them.  Lay 
of?  a  b,  in  {b) ,  equal  to  the  span  of  the  girder,  and  mark  the 
points  c  and  d  where  the  concentrated  loads  occur.  At  these 
points  erect  perpendiculars  and  lay  off  any  convenient  dis- 
tance on  each,  as  c  e  and  d  f,  to  represent  the  bending 
moment.     Draw  ae,  ef,  and  fb,  and  from  the  panel  points 
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erect  perpendiculars  intersecting  these  lines  at  /,  k,  and  /. 
The  maximum  bending  moment,  occurring  at  c,  is  equal  to 
the  moment  of  the  reaction  about  that  point,  or  100,000  X  20 
=  2,000,000  foot-pounds.  The  flange  stress  equals  2,000,000 
-^  5  =  400,000  pounds.  Assuming  the  strength- of  one  rivet 
to  be  6,750  pounds,  the  number  required  is  400,000  -r-  6,750 
=  59.26,  or  60.     Divide  ce  into  sixty  equal  parts  and  from 


the  points  /,  k,  and  /  draw  horizontal  lines  cutting  ce.  These 
lines  show  that  fifteen  rivets  are  required  for  each  panel  up 
to  the  point  c  and  from  c  to  rf  no  rivets  are  necessary,  theo- 
retically. The  pitch  of  the  rivets  in  the  first  four  panels  is 
60  -=-  15  =  4  inches,  while  for  the  panels  from  c  to  d,  they 
will  be  spaced  at  the  maximum  pitch,  or  6  inches. 

Example. — In  Fig.  27  [a)  is  shown  a  girder  having  a  span  of 
40  feet  and  carrying  a  concentrated  load  of  125,000  pounds  at  a  dis- 
tance of  15  feet  from  one  end.     If  the  girder  is  4  feet  deep  and  the 
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panels  are  5  feet   in   length,   what  will   be  the  pitch  of   the  rivets, 
assuming  the  strength  of  1  rivet  to  be  5,000  pounds? 

Solution. — Lay  off  the  span  of  the  girder  at  ai  in  view  (b),  mark- 
ing the  panel  points,  as  aXb,  c,  d,  etc. ,  and  at  the  location  of  the  concen- 
trated load  erect  a  perpendicular,  as  fj,  of  any  convenient  height. 
Draw  aj  and  j  i,  and  from  the  panel  points  draw  perpendiculars  to  a  i, 
intersecting  these  lines  at  k,  I,  fn,  n,  o,  and  p.  The  maximum  bending 
moment  is  under  the  load  and  is  equal  to  46,875  X  25  =  1,171,875  ft. -lb.; 
1,171,875  -=-  4  =  292,968.75  lb.  flange  stress;  292,968.75  -=-  5,000  =  58.59-I-, 
or,  say,  sixty  rivets  are  required  between  the  concentrated  load  and 
each  end  of  the  girder.  Divide  fj  into  60  equal  parts  and  draw 
horizontal  lines  from  the  points  k,  I,  m,  etc.  until  they  intersect  fj. 
This  shows  that  twelve  rivets  are  required  in  each  panel  to  the  left  of 
the  load,  while  twenty  are  needed  in  each  panel  to  the  right.  The 
pitch  will  then  be  60  -;-  12  =  5  in.  in  the  first  five  panels  from  the  left, 
and  60  -^  20  =  3  in.  in  the  remaining  panels. 

32.  Rivet  Spacing  In  Flange  Plates. — In  spacing 
the  rivets  that  bind  the  several  flange  plates  together,  a 
sufficient  number  of  rivets,  spaced  from  21  to  3  inches  on 
centers,  should  be  used  at  the  ends  of  each  plate  to 
transmit  the  allowable  stress  in  it  to  the  members  below. 
For  the  remainder  of  the  plate,  the  rivets  should  have  the 
greatest  allowable  pitch  for  a  compression  member;  that 
is,  sixteen  times  the  thickness  of  the  thinnest  outside  plate, 
provided  that  such  a  distance  does  not  exceed  6  inches. 
To  illustrate: 

An  intermediate  flange  plate  in  a  certain  girder  is  1  inch 
by  12  inches,  the  sectional  area  thus  being  4i  square  inches. 
From  this  area  is  to  be  deducted  the  section  cut  out  by  two 
f-inch  rivet  holes,  (1  xl)  X  2  =  f  square  inch;  then  the 
net  area  of  the  cover-plate  is  4i  —  f  =  3f  square  inches. 
Assuming  that  a  safe  fiber  stress  of  15,000  pounds  was  uped 
in  calculating  the  strength  of  the  girder,  the  safe  strength  of 
the  cover-plate  is  3f  X  15,000  =  56,260  pounds.  Now  the 
safe  load  on  a  l-inch  rivet  depends,  in  this  position,  on  the 
ordinary  bearing  value  of  a  f-inch  plate,  which,  calculated  on 
the  basis  of  a  fiber  stress  of  12,000  pounds,  is  5,119  pounds. 
Hence,  the  number  of  rivets  required  in  the  end  of  this 
cover-plate  is  56,250  -r-  5,119  =  10.9,  say,  11;  but  in  order  to 
have  them  symmetrical,  there  should  be  six  on  each  side 
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of  the  web,  and  they  should  be  spaced  about  3  inches  from 
center  to  center.  The  remaining  rivets  in  this  plate  may 
have  the  greatest  allowable  pitch  until  the  next  cpver-plate 
is  reached.  

EXAMPLES    FOR    PRACTICE 

1.  Determine,  by  the  graphic  method,  the  theoretical  pitch  for  the 
rivets  in  the  vertical  legs  of  the  flange  angles  in  a  plate  girder  45  feet 
long  from  center  to  center  of  bearing  plate.  The  depth  of  the  girder 
is  36  inches  and  the  load  per  lineal  foot  is  1,400  pounds.  The  safe 
resistance  of  the  rivets  is  determined  to  be  4,200  pounds;  the  distance 
between  the  stiffeners  or  panel  points  is  5  feet  throughout  the  girder. 

{First  panel,  5  in. 
Second  panel,  6.67  in. 
Third  panel,  10  in.,  etc 

2.  Theoretically,  how  many  rivets  will  be  required  in  the  vertical 
legs  of  the  flange  angles  between  the  several  panel  points  or  stiffeners 
of  a  plate  girder  having  a  span  of  80  feet  and  a  depth  of  5  feet,  assu- 
ming that  the  load  on  the  girder  is  uiiiformly  distributed  and  is  equal 
to  3,000  pounds  per  lineal  foot;  also,  that  the  resistance  one  rivet  offers 

First  panel,  22  rivets 
Second  panel,  19  rivets 
Third  panel,  16  rivets 
Fourth  panel,  13  rivets 
Fifth  panel,  10  rivets 

3.  Find  the  pitch  of  the  rivets  in  the  vertical  legs  of  the  flange 
angles  in  a  girder  4  feet  in  depth  and  having  a  span  of  50  feet,  which 
supports  a  concentrated  load  of  90,000  pounds  located  at  a  distance 
of  20  feet  from  one  end  of  the  girder.  The  value  of  one  rivet  is 
4,500  pounds  and  the  length  of  each  panel  is  5  feet. 

A        f  4-in.  pitch  in  four  panels  at  end  nearest  load 
■\6-in.  pitch  in  remainder 


is  5,200  pounds. 

Ans. 


PRACTICAL  DE8IGK 

33.  In  order  to  illustrate  the  application  of  the  rules 
and  formulas  previously  given,  the  following  practical 
problem  will  be  assumed  and  worked  out: 

The  floor  of  a  building  used  for  light  manufacturing  pur- 
poses is  to  be  supported  by  three  plate  girders,  as  shown  at 
a,  a,  a.  Fig.  28.  The  floor  is  composed  of  1-inch  yellow- 
pine  flooring  laid  on  3"  X  12"  hemlock  joists,  spaced  on 
16-inch  centers;  these  joists  are  to  carry  a  plastered  ceil- 
ing on  the  under  side.     The  live  load  on  the  floor  will  be 
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80  pounds  per  square  foot.  The  girder  itself  is  to  extend 
below  the  surface  of  the  ceiling  and  is  to  be  painted.  A 
detail  of  the  construction  is  shown  in  Fig.  29. 


Fig.  28 


The  total  load  on  each  square  foot  of  floor  surface  is  as 
follows: 

Live  load,  per  square  foot  of  floor  surface    .  8  0  pounds 

Lath  and  plaster,  per  square  foot  of  floor  sur- 
face   8  pounds 

1-inch  yellow-pine  flooring,  per  square  foot  of 
floor  surface 4  pounds 

Hemlock  joist  flooring,  per  square  foot  of 

floor  surface     6  pounds 

Girder  (assumed),  per  square  foot  of  floor 

surface 8  pounds 

Total      106  pounds 
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The  floor  area  to  be  supported  by  one  girder  is  60  X  17.5 
=  1,050  square  feet;  and  the  total  uniformly  distributed 
load  on  the  girder  is  1,050  X  106  =  111,300  pounds. 

The  greatest  bending  moment  on  the  girder  is 
WL       111,300X60 


M  = 


8 


=  834,750  foot-pounds 


The  depth  of  the  girder  is  4  feet,  and  the  allowable  unit 
fiber  stress  to  be  used  is   15,000  pounds;    therefore,   the 


Fig.  29 


required   flange    area   may   be    determined   by   formula   4. 
Substituting  the  proper  values  in  the  formula  gives 
834,750 


A  = 


=  13.91  square  inches 


4  X  15,000 

Assume  a  flange  composed  of  two  5"  X  5"  X  "i^"  angles 
and  two  I"  X  12"  flange  plates;  a  sketch  of  the  section  with 
the  location  of  the  rivets  is  shown  in  Fig.  30.  The  entire 
area  of  the  flange  is: 

Two  f"  X 12"  plates  =    9         square  inches 

Two  5"  X  5"  X  -h"  angles  =    8.3  6  square  inches 

Total,         1  7.8  6  square  inches 
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The  sectional  areas  cut  out  for  rivet  holes  are: 
Four  i-inch  holes  through  l-inch  plate       =  1.3  1  2  sq.  in. 
Four  8-inch  holes  through  i^-inch  angles  =  1.5  3  1  sq.  in. 

Total,        2.8  4  3  sq.  in. 

The  net  area  of  the  flange  is,  therefore,  17.36^2.84 
=  14.52  square  inches,  which,  since  the  required  area  is 
13.91  square  inches,  is  ample,  and  s-ixia'piates 
this  section  will  be  adopted. 

We    will    now    determine    the 
thickness  of  the  web-plate.     The  ^i^a-sxsX^Angies 

reaction  at  either  end  is  equal  to 
one-half  of  the  load,  or  55,650 
pounds.  Assuming  that  there  are 
eleven  1-inch  holes  cut  in  line 
through  the  web-plate,  the  net 
depth  of  the  plate  will  be  48  -  11  X  .875  =  38.375  inches. 
Using  an  allowable  unit  shearing  stress  of  11,000  pounds, 
the  theoretical  thickness  of  the  web-plate,  from  formula  1, 
•     .  55,650  100  ■     u 

"  '  =  38.375  X  11,000  =  ''^^  ^'^^^^ 

However,  it  is  not  practicable  to  use  this  thickness  of  metal 
for  a  web-plate,  since  it  would  not  provide  sufficient  bearing 
value  for  the  rivets.  As  it  is  never  good  practice  to  use  a  web- 
plate  less  than  -fs  inch  in  thickness,  this  size  will  be  adopted. 

34.  The  lengths  of  the  flange  plates  are  now  required; 
they  may  be  determined  'either  by  the  graphic  method 
or  by  formula  6;  using  the  latter  method,  the  theo- 
retical   length    of    the    outside     plate    is     found     to     be 

/  =  eoJ^^  =  30.87  feet,  or  -about  30  feet  10  inches,  to 
\  14.52 

which  is  to  be  added  1  foot  at  each  end  to  allow  for  riveting. 

The  total  length  of  the  plate  is  therefore  32  feet  10  inches, 

say,  33  feet. 

Applying    the   formula   again,    the  length  of   the   second 

flange  plate  is  /  =  60  Jl^  =  43.66  feet,  or  about  43  feet 
\  14.52 

8  inches;  adding  a  foot  at  each  end  gives  us  45  feet  8  inches. 
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Consider  now  the  size  of  the  f our,  stiffeners  at  the  end 
of  the  girder.  The  reaction  at  the  end  of  the  girder  is 
55,650  pounds,  and  the  allowable  compressive  strength  of 
the  material  in  the  girder  will  be  taken  at  13,000  pounds. 
Then  the  sectional  area  required  in  the  four  angles  compo- 
sing the  stifEeners  on  the  plate  girder  over  the  abutments  is 
55,650  -T-  13,000  =  4.28  square. inches.  Since  it  would  not 
be  advisable  to  use  smaller  than  a  4"  X  4"  X  -fs"  angle  in  this 
position,  the  sectional  area  of  which  is  2.4  square  inches  (see 
table  Properties  of  Angles,  in  Properties  of  Sections),  it  is 
evident  that  there  will  be  ample  strength  in  the  four  stiffeners. 
The  other  stiffeners  may  be  made  of  3"  X  3"  X  A"  angles, 
which  is  the  smallest  size  that  should  be  used  for  any  girder 
requiring  intermediate  stiffeners. 

35.  The  rivet  spacing,  etc.  needs  no  explanation;  it 
would  be  well,  however,  for  the  student  to  calculate  the 
number  of  rivets  for  the  several  parts  and  compare  the  results 
with  the  number  actually  used,  as  shown  by  the  detail  draw- 
ing, Fig.  31.  He  will  undoubtedly  find  that  more  rivets  are 
used  than  are  actually  required,  but  he  must  bear  in  mind 
that  there  are  always  practical  considerations  that  influence 
more  or  less  the  design  of  structural  work. 

In  Fig.  31  it  will  be  noticed  that  the  web-plate  is  spliced 
at  the  point  a.  The  shear  at  this  point  is  equal  to  55,650 
pounds,  the  reaction  at  R^  minus  the  load  on  the  girder 
between  R^  and  the  point  a  under  consideration,  that  is, 
55,650-37,150  =  18,500  pounds.  A  sufficient  number  of 
rivets  must  be  placed  on  the  two  sides  of  the  joint  to  take 
care  of  this  shear  safely. 

Fig.  82  shows  the  design  of  a  heavily  loaded  girder  with  a 
long  span;  this  girder  was  designed  to  carry  a  uniformly 
distributed  load  of  2,400  pounds  per  lineal  foot  and  two  con- 
centrated loads  of  60,000  pounds,  placed  one  on  each  side  of 
the  center  of  the  girder  and  12  feet  6  inches  therefrom. 
The  unit  fiber  stress  allowable  in  calculating  the  flange 
section  was  taken  at  15,000  pounds. 

The  student  should  note  particularly  the  splices  on  this 
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girder.  In  this  case  it  was  necessary  to  splice  the  flange 
angles;  when  this  is  done,  care  must  be  taken  to  weaken  the 
sectional  area  of  the  angle  as  little  as  possible  by  the  punching 
of  the  rivet  holes,  and  a  sufficient  number  of  rivets  must 
also  be  placed  each  side  of  the  joint,  so  that  the  resistance  of 
the  rivet  section  may  equal  that  of  the  net  section  of  the 
flange  angles.  A  careful  study  should  be  made  of  the  vari- 
ous other  details  on  this  drawing,  which  represents  excellent 
modern  practice. 

CAMBERED    GIRDERS 


ANALYTIC  METHOD  OF  COMPUTING  STRESSES 


GIRDERS    WITH    ONE    STRUT 

36.  When  wooden  girders  of  great  span  are  heavily 
loaded,  it  becomes  necessary  to  strengthen  them  with  iron 
or  steel  camber  rods,  as  in  Figs.  33  and  34.  which  show  a 
girder  with  one  and  with  two  supports,  respectively.  The 
span  of  the  team  or  girder  may  be  considered,  in  each  case, 
as  the  distance  between  the  supports,  the  strength  of  the 
girder  being  thereby  materially  increased.    ■ 


^ 


Fig. 33 

37.  In  Fig.  35,  let  W  represent  the  load  concentrated 
at  D.  Then  the  stress  in  the  member  Z?  C  is  equal  to  W. 
The  stress  in  the  other  members  may  be  found  by  applying 
the  following  rules: 
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Rule. — I.  To  find  the  stress  in  AC  or  B  C,  divide  the  length 
of  the  line  AC  by  the  length  of  the  line  D  C,  and  then  multiply 
this  result  by  one-half  of  the  load  W. 

II.  To  find  the  stress  in  the  beam  AB,  divide  the  length  of 
the  line  A  D  by  the  length  of  the  line  D  C,  and  multiply  this 
result  by  one-half  of  the  load  W. 


In  the  diagram,  Fig.  35,  the  members  represented  by  the 
solid  lines  are  in  compression,  and  those  shown  dotted  are 
in  tension. 

The  length  of  the  members  in  the  above  rules  may  be  taken 
in  feet  or  inches,  but  all  lengths  should  be  taken  in  the  same 


^^5 


1 


C 

Fig. 35 


unit  of  measurement 
formulas: 

Stress  DC  =  +  W 

AC 


The  rules  may  be  expressed  by  the 
(11) 


Stress  A  Cor  BC  = 


nc^  2 


Stress^5  =  +^1^X-^ 
DC       2 


(12) 
(13) 


The  +  and  —  signs  in  the  formulas  indicate  compression 
and  tension,  respectively.  The  +  sign  denotes  that  the 
result  obtained  is  a  compressive  stress.  The  —  sign  means 
that  the  result  is  a  tensile  stress. 
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ExAMPLB. — What  is:  (a)  the  tension  in  the  camber  rod;  {6)  the 
compression  on  a  trussed  beam  of  the  dimensions  and  loads  shown 
in  Fig.  36? 

Solution. — The  load  IV  coming  on  the  strut  D  C  must  first  be  com- 
puted.    The  load  is,  in  this  case,  usually  considered  equal  to  one-half 


the  entire  load  on  the  beam.  But  as  the  beam  is  composed  of  one 
length  of  timber,  and  is  not  hinged  at  D,  being,  in  eflfect,  a  continu- 
ous beam,  it  is  more  correct  to  consider  the  load  on  the  center  strut  as 
being  five-eighths  of  the  entire  load  on  the  beam.  The  entire  load 
on  the  beam  is  equal  to  30  X  1,000  =  30,000  lb.;  five-eighths  of 
30,000  =  18,750  lb.,  the  load  JF  acting  on  the  beam  directly  over 
the  strut  DC. 

{a)  The  tension  in  the  camber  rod  'A  C  is  equal  to  the  length 
A  C  ^  D  C  multiplied  by  one-half  of  W,  or,  substituting  the  given 
dimensions,  15.2  ~  2.5  =  6.08;  and  6.08  X  (i  of  18,750)  =  57,000  lb., 
the  tensile  stress  in  the  rod  A  C.     Ans. 

(d)  To  determine  the  stress  in  beam  A  B,  divide  the  length  A  D  hy 
D  C,  and  multiply  by  one-half  of  W.  Thus,  15  ^-  2.5  =  6;  6  X  {\  of 
18,750)  =  56,250  lb.,  the  compressive  stress  in  the  beam  A  B.     Ans. 


GIRDERS    WITH    TWO    STRUTS 

38.     In   Fig.  37,  the  calculations  for  the  stresses  in  the 
various  members  are  similar  to  those  given  for  the  trussed 


■90 


I 

H 


M 

Fig.  37 

beam  with  one  support.  In  the  two  trussed  beams,  the 
stress  in  B  H  or  C E  —-  W.  The  stresses  in  the  other  mem- 
bers may  be  expressed  by  rule,  as  follows: 
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Rule. — I.  To  obtain  the  stress  in  A  H  or  D  E,  divide  the 
length  of  A  H  by  the  length  of  B  H,  and  multiply  this  result 
by  the  amount  of  the  load  W. 

II.  To  fhid  the  stress  in  AD  or  HE,  divide  the  length  of 
the  lin£  A  B  by  the  length  of  the  line  B  H,  and  multiply  this 
result  by  the  amount  of  the  load  W. 

The  above  may  be  expressed  in  formulas: 
Stress  BH  or  CE  =  ^W 
AH 


Stress  AHotDE  =  — 


BH 


XW 


(14) 
(15) 


Stress  HE  =  -  ^%  X  W 
B  n 


Stress  A  D 


BH 


(16) 
(17) 


As  previously  noted,  compression  is  indicated  by  the 
+  sign,  and  tension  by  the  —  sign. 

^l^XAMPLE.^A  beam  is  trussed,  as  shown  in  Fig.  38.  What  is:, (a)  the 
stress  in  camber  rod  HJi;   {b)  the  compression  in  the  beam  A  Z>? 

Solution. — The  entire  Ipad  on  the  beam  AD  is  30  X  1,000 
=  30,000  lb.  The  loads  W,  W  could  be  considered  equal  to  one- 
third  of  the  entire  load  on  the  beam.  But  the  beam,  being  a  con- 
W  W 


^,'.000  lb  per  running  f'ot. 


Pig.  38 

tinuous  girder,   as  in  the  previous  example,   it  is  better  practice  to 
consider  it  equal  to  eleven-thirtieths  of  the  entire  load.     Hence,    W 
is  equal  to  eleven-thirtieths  of  30,000,  or  11,000  lb. 
(a)     Applying  formula  16,  we  have 
10 


Stress  HE 


2.5 


X  11,000  =  44,000  lb.    Ans. 


(b)     Applying  formula  17,  we  have 
10 


Stress  ^  Z)  =  --^  X  11,000  =  44,000  lb.    Ans. 
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GRAPHIC  METHOD  OT  DETERMINING  STRESSES 

39.  The  stress  in  the  various  members  of  a  trussed 
beam  may  be  obtained  by  means  of  a  graphic  method  that 
is  simply  an  application  of  the  principles  of  the  resolution  of 
forces.  Although  not  as  exact  in  its  results  as  the  mathe- 
matical method,  it  is  probably  more  satisfactory,  there  being, 
under  it,  less  chance  of  errors  creeping  into  the  calculation. 
This  method  is  fully  explained  in  the  subjoined  example: 

A  floor  is  to  be  supported  by  yellow-pine  girders,  each 
composed  of  t\yo  4"  X  12"  beams,  trussed  with  a  wrought- 
iron  rod,  as  shown  in  Fig.  39.  The  span  of  the  girders  is 
24  feet,  and  they  are  spaced  8  feet  from  center  to  center. 
The  load  is  light,  amounting  to  only  40  pounds  per  square 


■Separatora  2^4  Wood 


foot  of  floor  surface.  Required,  to  determine  whether  the 
two  yellow-pine  beams  are  sufficiently  strong,  and  what 
should  be  th6  size  of  the  wrought-iron  camber  rod;  also,  to 
design  the  detail  construction  for  the  parts  A  and  B. 

The  floor  area  supported  by  each  girder  is  24  X  8  =  192 
square  feet;  therefore,  the  total  load  on  a  girder  is  192  X  40 
=  7,680  pounds.  To  find  the  stress  produced  in  the  difier- 
ent  members  of  the  truss  by  this  load,  first  draw  to  some 
convenient  scale,  as  in  Fig.  40,  the  lines  ad,  ac,  be,  and  dc 
corresponding,  respectively,  to  the  center  lines  of  the  girder, 
the  wrought-iron  camber  rod,  and  the  strut;  thus,  the  line  a  b 
represents  the  center  line  of  the  pine  beams,  its  length  being 
equal  to  24  feet  on  the  assumed  scale;  while  dc,  drawn  per- 
pendicular to  ab  at  its  middle  ■  point,  represents,  on  the 
same  scale,  20  inches,  the  length  of  the  strut. 
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In  accordance  with  the  principles  stated  in  Art.  37,  the 
load  carried  by  the  strut  may  be  taken  as  five-eighths  of 
the  total  load  on  the  girder;  therefore,  the  force  /,  Fig.  40, 
acting  downwards  on  the  frame,  and  borne  directly  by  the 
strut  dc,  is  7,680  X  f  =  4,800  pounds.  This  force  is  held  in 
equilibrium  by  the  stresses  in  the  members  of  the  truss, 
represented  by  the  center  lines  ad,  db,  ac,  and  cb,  one-half 
of  it,  or  2,400  pounds,  being  held  by  each  of  the  pairs  a  d 


Fig. 40 

and  ac,  db  and  be.  Considering  the  half  of  the  load  carried 
by  the  pair  a  d  and  a  c,  we  have  a  downward  force  of  2,400 
pounds,  which  it  is  required  to  resolve  into  two  components, 
one  acting  along  the  line  a  c  and  the  other  along  a  d. 
Assuming  a  scale  of  forces,  one,  for  example,  in  which  a 
line  1  inch  long  represents  a  force  of  800  pounds,  draw 
the  line  dc.  Fig.  41,  parallel  to  the  center  line  <^f.  Fig.  40, 
of  the  strut,  and  make  its  length  correspond  to  a  force  of 
2,400  pounds,  the  part  of  the  total  load  on  the  strut  that  is 


Sll  inches   or  17300  lb. 


^il  inch, 


e»  or 


Fig.  41 

borne  by  the  members  ad  and  ac.  From  the  upper 
extremity  of  dc,  Fig.  41,  draw  the  line  da  parallel  to  the 
line  da  oi  Fig.  40,  and  from  the  lower  extremity  draw 
the  line  ca  parallel  to  ca  of  Fig.  40,  prolonging  these  two 
lines  until  they  meet  at  the  point  a.  The  lines  da  and  ca  oi 
Fig.  41  represent,  on  the  scale  of  forces  to  which  the  line  dc 
was  drawn,  the  stresses  in  the  corresponding  members  of 
the  girder.    With  the  assumed  scale  of  1  inch  =  800  pounds, 
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the  line  dc  must  be  2,400  h-  800  =  3  inches  long;  by  meas- 
urement, the  lines  da  and  ca  are  found  to  be  21i  and 
211  inches  long,  respectively;  therefore,  the  stress  repre- 
sented by  the  line  da  is  21i  X  800  =  17,200  pounds,  and 
that  represented  by  c  a  is  21|  X  800  =  17,400  pounds. 


DETAIL    DESIGN 

40.  The  stress  of  17,200  pounds  is  the  total  compressive 
stress  produced  in  the  two  yellow-pine  beams  through  the 
action  of  the  downward  thrust  on  the  strut.  The  ultimate 
resistance  to  compression  of  yellow  pine  per  square  inch  is 
usually  taken  at  about  4,400  pounds;  and  as  wood  is  not  so 
reliable  as  iron,  it  is  considered  advisable  to  use  a  factor  of 
safety  of  6,  as  against  a  factor  of  safety  of  4  for  the  camber 
rods.  Since  the  trussed  girder  is  secured  against  lateral 
deflection  by  the  floor  joist,  and  as  it  is  secured  from  deflec- 
tion in  an  upward  direction  at  the  center  by  the  load  on  the 
floor,  and  by  the  camber  rod  and  strut,  the  length  of  the 
wooden  girder,  which  may  be  considered  as  a  column  under 
compressive  stress,  is  only  one-half  the  span,  or  12  feet. 
The  sectional  dimension  of  the  girder  is  so  great  in  compar- 
ison with  its  length,  that  it  is  not  necessary  to  apply  the 
column  formula,  and  its  strength  may  be  considered  as  its 
resistance  to  direct  compression.  Hence,  4,400  -=-  6  =  733 
pounds,  which  is  the  allowable  compressive  strength  of  the 
girder  per  square  inch  of  section.  Then,  17,200  pounds 
(the  compression)  -h  733  pounds  (the  allowable  unit  stress) 
=  23  square  inches  required  to  take  care  of  the  compressive 
stress.  As  the  girder  is  known  to  be  12  inches  in  depth,  it 
is  readily  seen  that  this  compressive  stress  will  require  a 
section  of  the  timber  girder  equal  to  2  inches  by  12  inches. 

There  is,  in  addition  to  this,  a  transverse  stress  on 
one-half  of  the  girder  produced  by  the  uniformly  distributed 
load.  To  find  the  amount  of  this  bending  stress,  consider 
the  left-hand  half  of  the  girder  as  a  simple  beam  sustaining 
a  uniformly  distributed  load  equal  to  one-half  of  the  total  load 
on  the  girder,  that  is,  a  load  of  7,680  -=-  2  =  3,890  pounds. 
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Applying  formula'l,  the  bending  moment  due  to  this  load 

is  M  =  3.890  X  12  X  12  ^  ^q  QgQ  inch-pounds,     the  sec- 

8 

M 
tion  modulus  is  obtained  by  the  formula  5"  =  — ,  where  5' 

equals  the  section  modulus,  M  the  bending  moment  in  inch- 
pounds,  and  s^  the  allowable  unit  fiber  stress  of  the  material, 
which  is  equal,  in  this  case,  to  7,300  (the  modulus  of  rupture 
of  yellow  pine)  -i-  6  (the  factor  of  safety)  =  1,216  pounds. 

70  020 
Substituting   the  values  in  the  above  formula,  .S  =       ' 

1,216 

=  57.6,  the  section  modulus  required  to  resist  the  transverse 

stress.     The    bending  moment  might  also  be  obtained  by 

considering  the  beam  as  continuous,  having  three  supports. 

41.     Since  the  section  modulus  of   a  rectangular  beam 

may  be  obtained  by  the  formula  5*  =  — -,  6  being  the  width 

6 

of  the   beam    in    inches,    and   d    the    depth,    and    as    5*   is 

already  known  to  be  57.6  and   the   depth  of    the  beam  to 

be  12  inches,  the  width  of  the  beam  required  to  resist  the 

transverse  stress  may  be  obtained  by  transposing  the  formula 

to  5  =  ;— ;  the    values    substituted    give    b  =  —^ — — 

d  lA  X  12 

=  2.4  inches,  which  is  the  width  of  the  required  beam.  Then, 
adding  the  size  of  the  timber  required  to  resist  compres- 
sion and  the  size  of  timber  required  to  resist  the  trans- 
verse stress,  we  have  a  timber  2  inches  wide  by  12  inches 
deep,  added  to  a  timber  2.4  or,  say,  2i  inches  by  12  inches, 
which  equals  a  piece  ii  inches  by  12  inches.  In  the  girder, 
there  are  two  4."  X  12"  timbers,  and,  as  only  a  single 
ii"  X  12"  timber  is  required,  it  is  evident  that  the  girder  is 
nearly  twice  as  strong  as  is  necessary.  However,  it  must 
be  borne  in  mind  that  the  theoretical  dimensions  of  members 
do  not  always  agree  with  those  required  in  practical  rules; 
for  instance,  in  the  above  case  it  would  not  be  good  practice 
to  make  the  combined  sectional  area  of  the  girder  equivalent 
to  that  of  a  41"  X  12"  timber,  as  obtained  by  the  calculation. 
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because  this  would  make  each  timber  a  little  larger  than 
2"  X  12",  and  no  timber  or  girder,  especially  where 
rafter  or  flooring  is  spiked  to  it,  should  be  less  than 
3   inches   wide. 


V-pset  to  1§  dia  on  end 
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Fig. 42 


42.     The   ultimate  tensile  strength  of  wrought  iron  is 
usually  taken  at  50,000  pounds  per  square  inch;  hence,  if  we 

use  a  factor  of  safety  of  4,     Wrt.  iron  washer 

the    safe    working    fiber 
stress    in    the    rod    must 
be    50,000  -=-  4    =    12,500         5" 
pounds  per  square  inch.  \_ 

According  to  the  results 
given  by  the  diagram,  the 
total  stress  in  the  rod  is  17,400  pounds;  therefore,  the  rod  must 
have  a  net  section  of  17,400  -=-  12,500  =  1.39  square  inches. 
The  area  of  a  ll-inch  round  rod  is  1.48  square  inches,  and 
as  this  is  the  nearest  standard  size  having  the  required 
sectional  area,  it  will  be  used.  As  the  area  at  the  bottom  of 
the  thread  of  a  If-inch  bolt  is,  however,  only  1.06  square 
inches,  it  will  be  necessary  to  upset  or  enlarge  the  ends  of 
the. rod  to  a  diameter  of  If  inches,  in  order  to  get  the 
requisite  strength  in  the  threaded  portion.  The  washer  at  B, 
Fig.  39,  must  be  large  enough  to  distribute  the  pressure  due 
to  the  pull  of  the  rod  over  a  sufficient  area  of  the  end  of 

the  beams  to  prevent 
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danger  of  crushing  the 
wood.  The  allowable 
compressive  strength 
of  yellow  pine,  par- 
allel to  the  grain,  may 
be  taken  as  800  pounds 
per  square  inch;  this  re- 
quires a  washer  whose 
area  is  17,400  ^  800 
=  22  square  inches,  nearly.  Using  a  washer  6  inches  wide, 
extending  across  the  ends  of  the  two  beams,  we  get  a  bear- 
ing  area   of   2  X  4  X  6  =  48   square   inches.     In  order  to 


ifH" 
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resist  the  bending  stress  due  to  the  pnll  of  the  rod,  the 
washer  should  be  from  i  inch  to  1  inch  in  thickness. 

Figs.  39,  42,  and  43,  which  are  so  clearly  drawn  as  to 
require  no  further  explanation,  show  excellent  details  for  the 
different  parts  of  the  trussed  stringer  under  consideration. 


EXAMPLES    FOR    PRACTICE 

1.  It  is  found  necessary  to  truss  the  yellow-pine  purlins  supporting 
a  roof,  with  a  wrought-iron  camber  rod  on  each  side  of  the  purlin; 
the  length  of  the  purlin  is  20  feet,  the  depth  of  the  truss  from  the 
center  of  the  rods  to  the  center  of  the  purlin  is  14  inches,  and  the  load 
on  the  central  strut  is  3,200  pounds.  What  should  be  the  diameter  of 
the  camber  rods  if  the  ends  of  the  rods  are  upset,  and  a  safety  factor 
of  4  is  desired?  Ans.  i  in.  diam. 

2.  A  girder  of  24-foot  span  is  trussed  at  the  center  by  a  camber 
rod  and  strut;  the  depth  of  the  truss  from  the  center  of  the  girder  to 
the  center  of  the  rod  is  2  feet;  if  the  beam  is  loaded  with  a  uniformly 
distributed  load  of  2,000  pounds  per  lineal  foot:  (a)  what  is  the  stress 
on  the  rod?  (5)  what  is  the  compressive  stress  on  the  beam?  (c)  what 
is  the  stress  on  the  central  strut?  \{a)  91,200  lb. 

Ans.^  id)  90,000  1b. 
1(c)  30,000  1b. 


TRUSSED    GIRDERS 

43.  In  some  buildings  it  is  necessary  to  use  trussed 
girders  to  support  the  weight  over  a  large  space,  such  as 
a  stock  exchange,  ballroom,  etc.  They  are  also  sometimes 
required  when  it  is  desired  to  place  a  runway  or  bridge 
between  two  adjacent  buildings. 

In  the  first  case,  the  girder  may  support  only  the  weight  of 
the  floor  above  and  its  live  load  or  it  may  carry  the  weight 
from  several  stories  above,  in  which  case  the  girder  will 
probably  have  concentrated  loads  due  to  columns,  in  addition 
to  the  uniform  load  produced  by  the  dead  and  live  loads. 

The  trussed  girders  supporting  a  bridge  between  two 
buildings  should  be  proportioned  to  carry  the  entire  dead 
load  of  the  bridge'  and  also  a  moving  or  rolling  load  of 
considerable  weight 

A  trussed  girder  may  be  constructed  of  wood  with  iron  or 
steer  tension  members,  or  it  may  be  entirely  of  steel. 
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THE  HOWE  TRUSS 

44.  A  form  of  truss  known  as  the  Ho^ve  is  shown  in 
Fig.  44.  The  stresses  in  the  different  members  may  be 
determined  analytically  or  graphically.  As  the  latter  method 
is  explained  in  Graphical  Analysis  of  Stresses,  Parts  1  and  2, 
only  the  analytic  method  will  be  considered  here. 

Suppose  the  truss  shown  in  Fig.  44  to  be  divided  along 
the  dotted  line  de,  thus  cutting  the  members  a,  b,  and  c;  it  is 
evident  that  if  the  section  at  the  left  were  considered  as  a 
separate  piece,  it  would  be  held  in  equilibrium  by  applying 
to  each  bar  that  is  cut,  a  force  of  the  same  direction  and 
magnitude   as   the   stress    existing   in   the   bar   before   the 
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section  was  made.  Therefore,  the  forces  J?t,  A,  a,  b,  and  c 
acting  on  this  portion  of  the  truss  are  in  equilibrium,  and 
the  sum  of  their  moments  is  zero.  To  find  the  stress  in  a, 
moments  will  be  taken  about  the  point  x.  As  the  other 
unknown  forces  b  and  c  and  the  vertical  force  A  pass  through 
this  point,  they  have  no  effect  on  the  equilibrium  of  the 
forces  taken  about  this  point,  and  consequently  only  the 
forces  Rx  and  a  need  be  considered.  The  moment  of  R^  is 
7,000  X  10  =  70,000  foot-pounds,  and  the  opposing  force  a 
is  equal  to  this  amount  divided  by  its  lever  arm,  or  70,000 
-H  10  =  7,000  pounds.  Regarding  the  moment  of  the  reac- 
tion as  positive,  the  moment  of  the  force  a  will  be  considered 
as  negative,  bqpause  it  tends  to  revolve  around  the  point  x 
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in  the  opposite  direction  from  the  reaction  i?„  or  in  the 
direction  of  the  arrow.  Since  the  arrow  points  toward  the 
joint  2,  the  stress  in  a  is  compressive. 

The  stress  in  b  is  found  by  taking  the  center  of  moments 
at  the  point  y.  As  i?,  and  c  pass  through  this  point,  they  are 
not  taken  into  consideration,  but  only  A,  a,  and  b.  The 
moment  of  a  is  7,000  X  10  =  70,000  foot-pounds,  while  that 
of  A  is  2,000  X  10  =  20,000  foot-pounds.  70,000  -  20,000 
=  50,000  foot-pounds;  then  the  value  of  b  is  50,000  ^  7.071 
=  7,071  pounds. 

Taking  z  as  the  center  of  moments,  the  forces  to  be  con- 
sidered are  R^,  b,  and  c.     The  positive  moments  of  R^  and  b  are 

7,000  X10=      70000  foot-pounds 
and  7,071  X  7.071  =     5  0  0  0  0  foot-pounds 


Total,  12  0  0  0  0  foot-pounds 

Then  the  force  c  is  equal  to  120,000  ^  10  =  12,000  pounds. 
The  stress  in  b  is  compressive,  as  designated  by  the  arrow, 
and,  in  this  case,  produces  a  positive  moment,  while  that  in  c 
is  tensile  and  produces  a  negative  moment.  In  the  same 
manner,  a  section  may  be  taken  at  any  point  and  thus  the 
stress  in  any  member  may  be  obtained.  This  method  is 
called  the  method  of  sections. 

45.  As  stated  above,  the  stress  in  the  three  members 
a,  b,  and  c  must  be  in  equilibrium  with  the  external  forces  on 
the  left  of  the  section;  and  therefore  the  algebraic  sum  of  the 
vertical  components  of  these  forces  equals  zero  the  same  as 
the  horizontal  components  a  and  c.  Then,  as  b  cos  a  is  the 
vertical  component  of  the  oblique  force,  R^—A  —  b  cos  a  =  0; 
'bvXRi—A  is  equal  to  the  vertical  shear  in  the  panel  AB. 
Hence,    shear  —  b   cos  a  =  0,    and    transposing,  —  b   cos  a. 

=  —  shear,   or    b  cos  a  =  shear.      Then  b  =  =  shear 

cos  a 

X  sec  a,  and  the  following  rule  may  be  deduced: 

Rule. — The  stress  in  any  oblique  web  member  is  equal  to  the 
vertical  shear  in  the  panel  multiplied  by  the  secant  of  the  angle 
that  the  member  makes  with  the  vertical. 
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It  is  assumed  that  the  angle  a  is  equal  to  45°.  After 
obtaining  the  secant  of  «,  as  explained  in  Art.  46,  and  apply- 
ing this  rule  to  determine  the  stresses  in  the  remaining  web 
members,  it  is  found  that 

Stress  vn  CG  =  (7,000  -  2,000  -  2,000)  X  sec  a  =  3,000 
X  1.4142  =  4,242.6  pounds. 

Stress  m.  DH  =  (7,000  -  2,000  -  2,000  -  2,000)  X  sec  a 
=  1,000  X  1.4142  =  1,414.2  pounds. 

Stress  in  ^  £•  =  7,000  X  sec  a  =  7,000  X  1.4142  =  9,899.4 
pounds. 

46.  The  same  results  may  be  obtained  by  the  following 
method:  The  load  at  the  center  of  the  truss  or  the  point  D 
is  equal  to  2,000  pounds  and  half  of  this  load  goes  to  each  of 
the  compression  members  D  H  and  DJ,  since  D I  does  not 
take  any  of  the  load,  but  is  simply  a  rod  to  prevent  the 
chord  H J  from  sagging,  or  to  assist  in  supporting  any  load 
placed  on  the  lower  chord.  Therefore,  the  stress  in  each  of 
these  members  is  equal  to  one-half  of  the  load  at  D  multi- 
plied by  the  secant  of  the  angle  H D  I.  The  secant  of  the 
angle  may  be  found  from  a  table  of  secants,  if  the  angle  is 
known.  If  not,  it  may  be  calculated  by  considering  H D I 
as  a  right  triangle  and  ascertaining  the  ratio  between  the 
hypotenuse  D  H  and  the  side  D I  adjacent  to  the  angle, 
which  ratio  is  equal  to  the  secant  of  the  angle  a.     Therefore, 

sec   a  =  ~j\    but   DH  =  Ad  P  -f-  HP;  therefore,   sec  a 


= ~- .     This  formula,  so  as  to  apply  to  any  of  the 

other  panels,  may  be  stated  as  follows: 


_    a/( height  of  panel)'  -\-  (width  of  panel)' 
height  of  panel 

As  the  width  and  height  in  this  instance  are  equal,  the 
angle  a  is  45°,  the  secant  of  which  is  1.4142.  The  hori- 
zontal thrusts  of  the  members  H  D  and  DJ  axe  resisted  by 
the  tension  member  HJ.  The  vertical  thrusts  must  also  be 
resisted  at  the  points  H  and  J  by  the  tension  members  CH 
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and  KJ,  which  transmit  the  downward  forces  to  the  points 
C  and  K.  At  the  point  C  there  is  applied  a  load  of  2,000 
pounds  in  addition  to  the  force  of  1,000  pounds  transmitted 
by  the  tension  bar  C H  from  the  member  H D.  Conse- 
quently, the  stress  in  CG  is  1,000  +2,000  =  3,000  pounds 
multiplied  by  the  secant  of  the  angle  H  D  I,  or  a,  since  the 
compression  web  members  are  all  slanted  at  the  same  angle. 
The  stresses  in  the  other  oblique  web  members  may  be 
found  in  a  similar  manner  and  be  expressed  in  a  tabula- 
tion as  follows: 

DH  =  2,000  X  r  X  seca  =  1,000  X  1.4142  =  1,414.2 pounds 
CG  =  2,000  X  IJ  X  seca  =  3,000  X  1.4142  =  4,242.6 pounds 
B.F  =  2,000  X  2i  X  sec«  =  5,000  X  1.4142  =  7,071.0  pounds 
AE  =  2,000  X  3i  X  seca  =  7,000  X  1.4142  =  9,899.4 pounds 

Theoretically,  there  is  no  stress  in  the  vertical  web  D  I, 
but  practically  there  would  be  a  slight  tensile  stress.  In 
the  web  CH,  there  is  a  tensile  stress  equal  to  the  ver- 
tical component  of  the  stress  in  HD,  or  1,000  pounds, 
which  stress  may  be  found  by  means  of  the  formula  CH 
=  ^^^  =  1,414.2  ^  J  QQQ      ^jjg  gj.j.ggg  in  j5  G  is  equal  to 

sec  «        1.4142 
the  vertical  component  of  the  stress  va.  CG  and  is  found,  by 
means  of  the  preceding  formula,  to  be  3,000  pounds.     The 
other   stresses  may  be  found  in  a  similar  manner  and  are 
as  given  in  the  following  tabulation: 

Z?/  =  0 

CH  =  2,000  X  i  =  1,000  pounds 
BG=  2,000  X  li  =  3,000  pounds 
AF  =  2,000  X  2i  =  5,000  pounds 

47.  The  stresses  in  the  horizontal  members,  or  chords, 
may  be  obtained  when  the  stresses  in  the  web  members  are 
known.  Consider  the  compression  member  A  E  separately, 
as  shown  in  Fig.  45.  Then  the  forces  acting  on  it  are  the 
reaction  i?,  of  7,000  pounds  and  a  vertical  load  at  A  of  2,000 
pounds.  The  stress  in  A  F  was  found  to  be  5,000  pounds,  so 
,that  the  total  downward  force  acting  on  the  end  of  the  strut 
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Fig.  45 


AEis  2,000  +  5,000  =  7,000  pounds,  which  just  counteracts 
the  reaction,  or  upward  force.  The  stress  in  A  F  equals  the 
vertical  component  of  that  in  A  E  less  the  load  at  A,  while 
the  stress  in  £F  is  the  horizontal  component  of  A  £.  It 
may  also  be  observed  that  in  order  to  keep  the  end  of 
the  strut  from  being  pushed  upwards  by  the  reaction,  the 
force  A /^  must  act  away  from  the 
joint  E,  or  in  the  direction  of  the 
arrow;  this  indicates  a  tensile 
stress  in  the  chord.  In  order  that 
the  strut  may  be  in  equilibrium,  it 
is  necessary  to  have  a  horizontal 
force  at  the  point  A  equal  and 
opposite  in  direction  to  the  force 
EE.  Therefore,  the  stress  inAB 
is  equal  to  that  in  EE,  but  it  is  a 
compressive  stress,  as  indicated 
by  the  arrow.  This  stress  is  equal  to  the  horizontal  component 
of  the  stress  inAE,  which  may  be  expressed  as  {AE+  load 
at  ^)  tan  «;  similarly,  the  stress  in  B  C  ox  EG,  Fig.  44,  is 
equal  to  the  stress  in  j?/^  plus  the  horizontal  component  of  the 
stress  in  BE,  or  EE  +  (B  G  +  load  at  B)  tan  a.  The  tan- 
gent of  a  is  obtained  from  the  formula  tana  =  width  of  panel 

height  of  panel 

Substituting  these  values  for  the  problem  under  consider- 
ation, the  value  of  the  tangent  is  io  =  1.  The  following 
notation  of  the  chord  stresses  may  now  be  made: 

AB  =  EE  =  7,000  X  tan  «  =  7,000  X  1  =  7,000  pounds. 

BC  =  EG  =  /(7,000  +  5,000)  X  tan  «  =  12,000  X  1  = 
12,000  pounds. 

CD  =  GH  =  (7,000  -I-  5,000  +  3,000)  X  tan  a  =  15,000 
X  1  =  15,000  pounds. 

HI  =:  IJ  =  (7,000  +  5,000  -I-  3,000  -f  1,000)  x  tan  a 
=  16,000  X  1  =  16,000  pounds. 

It  may  be  noticed  that  the  stress  in  the  outside  panel  of 
the  lower  chord,  or  EE,  is  equal  to  the  shear  in  that  panel 
multiplied  by  the  tangent  of  the  angle  E A  E,  that  is,  equal 
to  the  reaction  X  tan  a,  while  in  the  next  panel,  or  EG,  the 


72  BEAMS  AND  GIRDERS  §14 

stress  is  equal  to  the  sum  of  the  shears  in  ^/^and  FG  mul- 
tiplied by  tan  a.  In  G  H,  the  stress  is  equal  to  shear  in  EF 
+  shear  in  FG  +  shear  in  G 77  multiplied  by  tan  a.  Hence, 
the  following  rule  may  be  given  for  the  stress  in  a  chord 
member  of  a  Howe  truss: 

Kule. — To  find  the  stress  in  any  chord  member,  multiply  the 
sum  of  the  shears  in  all  panels  from  the  reaction  up  to  and 
including  the  one  in  question,  by  the  tangent  of  the  angle  that 
the  inclined  web  7nember  m,akes  with  the  vertical. 

The  portions  of  the  upper  chord  are  all  in  compression, 
while  those  of  the  lower  chord  are  all  in  tension.  If  it  is 
desired  to  check  the  results  obtained  by  either  of  the  pre- 
ceding methods,  the  stress  diagram  may  be  drawn  for  the 
truss  and  the  stresses  measured  on  it. 


MAXIMUM    STRESSES    PRODXJCED    BY    LIVE    LOAD 

48.  The  live  and  dead  loads  are  generally  figured 
separately  in  structures  where  it  is  necessary  to  provide 
for  a  moving  load,  such  as  a  bridge.  The  greatest  chord 
stress  is  produced  when  the  live  load  covers  the  entire 
truss,  while  the  greatest  stress  is  created  in  the  web  mem- 
ber when  the  live  load  covers  the  portion  of  the  truss 
from  the  web  member  in  question  to  the  remote  abutment 
and  the  portion  to  the  other  abutment  is  unloaded.  This 
fact  may  be  demonstrated  by  considering  the  following 
example:  The  live  load  per  panel  in  Fig.  44  is  5,000  pounds. 
When  the  live  load  covers  the  entire  truss,  the  reactions  are 
17,500  pounds  and  the  chord  and  web  stresses  are  as  follows: 

Web  Stresses 

AF  =  17,500  -  5,000                                    =  12,500  pounds 

BG  =  17,500  -  5,000  -  5,000                      =  7,500  pounds 

CH  =  17,500  -  5,000  -  5,000  -  5,000        =  2,500  pounds 
/?/  =  0 

AE  =  17,500  X  sec  a  =  17,500  X  1.4142  =  24,748.5  pounds 

BF  =  12,500  X  sec  a  =  12,500  X  1.4142  =  17,677.5  pounds 

CG  =    7,500  X  sec  a  =    7,500  X  1.4142  =  10,606.5  pounds 

DH  =    2,500  X  sec  a  =    2,500  X  1.4142  =  3,535.5  pounds 
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Chord  Stresses 
EF=  17,500  X  tan  a  =  17,500x1  =  17,500  pounds 
FG  =  (17,500  +  12,500)  X  tan  a    =    30,000  X  1 

=  30,000  pounds 
GH  =  (17,500  +  12,500  +  7,500)  X  tan  a  =  37,500 

X  1  =  37,500  pounds 
(17,500  +  12,500  +  7,500  +  2,500)  X  tan  a   =   40,000 
X  1  =  40,000  pounds 

Assuming  the  truss  to  be  loaded  at  every  panel 
point  except  A,  as  shown  in  Fig.  46,  the  left-hand  reaction  R^ 
is  found  by  taking  moments  about  R^.  Considering  the  width 
of  the  panel  as  the  unit  of  measurement,  the  moments  of 
the  loads  are  (5,000  X  1)  +  (5,000  X  2),  etc.,  and  as  the  load 
is  the  same  at  each  panel  point  and  the  lever  arms  increase 
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in  arithmetical  progression,  the  sum  of  the  lever  arms,  or  the 
terms  of  the  progression,  is  equal  to  the  sum  of  the  first  and 
last  terms  multiplied  by  half  the  number  of  terms;  therefore, 

the    sum    of    the    moments    about   R^    is    5,000  X  ^^tAl 

=  105,000,  and  the  reaction  at  i?,  is  equal  to  this  amount 
divided  by  the  number  of  panels,  or  105,000  -=-  8  =  13,125 
pounds.     The  stresses  now  existing  are  as  follows: 

Web  Stresses 
AF=  13,125  pounds 
BG  =-  13,125  -  5,000  -  8,125  pounds 
CH  =  13,125  -  5,000  -  5,000  =  3,125  pounds 
Z>/=  0 
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AE  =  13,125  X  sec«  =  13,125  X  1.4142  =  18,561  pounds 

BF  =  13,125  X  sec  a  =  13,125  X  1.4142  =  18,661  pounds 

CG  =    8,125  X  sec«  =    8,125  X  1.4142  =  11,490  pounds 

DH  =    3,125  X  sec«  =    3,125  X  1.4142  =  4,419  pounds 

Chord  Stresses 

AB  =  EF  =  13,125  X  tan  a  =  13,125  X  1  =  13,125  pounds 
BC  =  FG  =  (13,125  +  13,125)    X  tan  a    =    26,250  X  1 

=  26,250  pounds 
CD  =  GH=  (18,125  +  13,125  +  8,125)  X  tan  a   =   34,375 

X  1  =  34,375  pounds 
HI  =  (13,125  +.  13,125  +  8,125  +  3,125)  X  tan  a  =  37,500 

X  1  =  37,500  pounds 

50.     Consider   the   load   as   covering   all   points   except 
A  and  B.      The  reaction  at  J?,  is  equal  to  j^ll  +  S)  ^  g  qOoI 

-=-  8  =  9,375  pounds,  and  the  stresses  are  as  shown  in  the 
following  tabulation: 

Web  Stresses 

AF  =  9,375  pounds 

BG=  9,375  pounds 

CFT  =  9,375  -  5,000  =  4,375  pounds 

B  /  =  0 

AE=  9,375  X  sec  «  =  9,375  X  1.4142  =  13,258  pounds 

B  F  =  9,375  X  sec«  =  9,375  X  1.4142  =  13,258  pounds 

CG  =  9,375  X  sec  a  =  9,375  X  1.4142  =  13,258  pounds 

DH=  4,375  X  sec  a  =  4,375  X  1.4142  =    6,187  pounds 

Chord  Stresses 

AB  =  E F  =  9,375  X  tan  «  =  9,375  X  1  =  9,375  pounds 
BC  =   FG  =  (9,375  +  9,375)    X   tan   a    =    18,750    X    1 

=  18,750  pounds 

CD  =  GH  =  (9,375  +  9,375  +  9,375)  X  tan  a   =   28,125 

X  1  =  28,125  pounds 

HI  =  (9,375  +  9,375  +  9,375  +  4,375)   X  tan  a 

=  32,500  X  1  =  32,500  pounds 


A.LI-  Joints 

All  Joints 

Loaded 

Loaded 

Except  A 

Except  A  and  B 

18,561 

13,258 

18,561 

13,258 

11,490 

13,258 

4,419 

6,187 

13,125 

9,375 

26,250 

.  18,750 

34,375 

28,125 

37,500 

'      32,500 
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The  results  of  the  precedhig  calculations,  arranged  in  a 
convenient  form,  are  given  below: 

Fully 
Loaded 

AE  =  24,748.5 

CG  =  10,606.5 

DH  =    3,535.5 

AB  =  E F  ^  17,500.0 

BC  =  EG  =  30,000.0 

CD  =  GH  =  37,500.0 

HI  =  40,000.0 

It  may  be  observed  from  these  results  that  the  greatest 
stress  is  produced  in  the  chord  members  when  the  entire 
truss  is  loaded;  also,  that  the  greatest  stress  in  ^^  is  when 
the  truss  is  fully  loaded.  In  B  F  the  greatest  stress  is 
created  when  the  truss  is  loaded  to  the  right  of  the  panel, 
including  this  member,  that  is,  all  joints  are  loaded  except  A, 
while  CG  has  the  greatest  stress  when  all  joints  except 
A  and  B  are  loaded.  If  loads  are  considered  at  every  point 
except  A,  B,  and  C,  it  will  be  found  that  the  greatest  stress 
occurs  in  Z? Sunder  that  condition. 

51.  Counterbracing  is  required  in  the  panels  where  the 
shear  created  by  the  dead  load  is  exceeded  by  the  shear 
of  opposite  kind  produced  by  the  live  load.  This  may  be 
readily  ascertained  by  drawing  the  shear  diagrams;  for 
instance.  Fig.  47  {a)  represents  the  frame  diagram  of  the 
truss  having  only  the  dead  load  on  it.  The  live  load  is 
5,000  pounds  at  each  panel  point  and  will  be  considered  first 
as  being  applied  at  only  the  first  panel  point  to  the  left,  or 

AB.     Then   the   reaction   for   the  live   load   is  ^'QOQ  X  70 

80 
=  4,375  pounds  at  R,  and  5,000  -  4,375  =  625  pounds  at 
R,.     In  the  shear  diagram  [b),  the  shaded  portion  repre- 
sents the  shear,  to  scale,  created  by  the  dead  load  along  the 
truss;  the  portion  above  the  line  will  be  called  positive  and 
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that  below  negative.  The  heavy  line  designates  the  shear 
produced  by  the  live  load,  which  for  the  first  panel  is  equal 
to  the  left  reaction,  while  for  the  remainder  of  the  truss  it  is 

equal  to  the  right  reac- 
tion, or  625  pounds.  It 
is  observed  from  this 
diagram  that  the  neg- 
ative shear  from  the 
live  load  does  not  ex- 
ceed the  positive  shear 
produced  by  the  dead 
load  and,  consequently, 
no  counterbraces  are 
required. 

The  shear  shown  by 
the  heavy  line  in  the  dia- 
gram {c)  is  produced  by 
placing  live  loads  on  two 
panel  points  of  the  truss, 
aX  AB  and  ^  C  in  {a). 
As  will  be  observed,  the 
negative  shear  in  the 
panel  D,  created  by 
the  live  load  and  rep- 
resented by  the  heavy 
line,  exceeds  the  positive 
shear  produced  by  the 
dead  load,  that  is,  x  is 
greater  than  y;  there- 
fore, it  will  be  necessary 
to  counterbrace  this 
panel.  Also,  the  dia- 
grams (d)  and  {e)  show 
.  that  counterbracing  is 
required  in  the  panel  D, 
but  not  in  any  other,  though  in  practice  the  panel  C  would 
be  braced  as  an  additional  precaution.  Then,  theoretically, 
the  only  panels  to  be  braced  are  those  at  D  and  E. 
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THE  PRATT  TRUSS 
52.  The  Pratt  truss  has  its  vertical  members  in  com- 
pression and  the  inclined  members  in  tension,  while  the  top 
chord  is  in  compression  and  the  lower  one  in  tension.  This 
fact  may  be  readily  determined  by  considering  a  portion  of 
the  truss  as  being  separated  from  the  remainder  by  a  line, 
as  at  de,  Fig.  48,  cutting  three  members  of  the  truss.  The 
kind  of  stress  in  each  of  these  members  and  its  amount  may 
then  be  found  by  taking  moments  about  different  points, 
as  X,  y,  and  z.  To  ascertain  the  stress  in  the  member  c, 
moments  will  be  taken  about  the  point  x  as  a  center.  The 
positive  moment  is  7,000  X  24  =  168,000  foot-pounds,  while 
the  negative  moment  is  2,000  X  12  =  24,000  foot-pounds. 
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Fig. 48 

The  algebraic  sum  is  168,000  -  24,000  =  144,000  foot- 
pounds, which  is  the  moment  of  the  stress  in  c.  The  lever 
arm  of  this  force  is  15  feet;  hence,  the  stress  is  equal  to 
144,000  -=-  15  =  9,600  pounds.  The  surplus  of  the  moment 
Rx  X  24  is  therefore  equal  to  144,000  foot-pounds  and  is 
positive.  To  create  equilibrium,  the  moment  of  c  should 
equal  this  amount,  but  be  of  opposite  sign,  therefore  nega- 
tive, and  must  act  in  the  direction  shown  by  the  arrow,  or 
away  from  the  joint,  which  indicates  that  it  is  a  tensile  stress. 
The  stress  in  b  is  determined  by  considering  the  moments 
about  the  point  j/  as  a  center.     The  positive  moments  are: 

7,000  Xl2=     84000  foot-pounds 

2,000  X  12  =     24000  foot-pounds 

Total,  10  8  0  0  0  foot-pounds 
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The  negative  moment  of  c  is  9,600  x  15  =  —  144,000  foot- 
pounds; hence,  the  excess  of  this  moment  over  the  positive 
one  is  108,000  -  144,000  =  -  36,000  foot-pounds.  To  pro- 
duce equilibrium,  the  moment  of  b  should  be  of  opposite 
sign,  that  is,  positive,  and  as  its  lever  arm  is  9.37  feet, 
its  stress  is  equal  to  36,000  -^  9.37  =  3,842  pounds.  The 
arrow  points  away  from  the  joint,  and  the  stress  is  there- 
fore tensile. 

The  stress  in  a  may  be  obtained  by  considering  z  as  the 
center  of  moments.     The  positive  moments  are: 

7,000  X     24  =  168000  foot-pounds 
3,842  X  9.37  =     3  6  0  0  0  foot-pounds 

Total,  2  0  4  0  0  0  foot-pounds 

The  negative  moment  is  2,000  X  12  =  24,000  foot-pounds. 
As  the  positive  moments  exceed  the  negative  by  204,000 
—  24,000  =  180,000  foot-pounds,  the  moment  of  a  must 
equal  this  amount  in  order  to  establish  equilibrium  and  it 
must  be  of  opposite  sign,  or  negative.  As  its  lever 
arm  is  15  feet  the  stress  is  equal  to  180,000  -^  15  =  12,000 
pounds.  In  order  to  produce  a  negative  moment,  this 
force  must  act  in  the  direction  of  the  arrow  shown  at  a, 
or  toward  the  joint,  and  consequently  the  stress  is  com- 
pressive. The  stress  in  any  member  may  be  obtained  by 
this  method. 

53.  The  method  of  determining  the  stresses  by  a 
notation,  as  explained  in  connection  with  the  Howe  truss, 
may  also  be  applied  to  this  form  of  truss.  The  stress 
in  EJ  is  compressive  and  equal  to  the  amount  of  the  load 
at  E,  or  2,000  pounds.  One-half  of  this  stress  must  be  taken 
care  of  by  each  of  the  rods,  Z>y  and  FJ;  thus,  1,000  pounds 
is  transmitted  to  the  point  Z?  by  DJ,  so  that  the  com- 
pression in  DI  is  2,000-1-1,000  =  3,000  pounds.  This 
amount  is  carried  up  the  oblique  member  I C,  and  conse- 
quently the  stress  in  CH  is  2,000  -f-  3,000  =  5,000  pounds. 
Hence,  the  stress  in  the  vertical  web  members  may  be  tabu- 
lated as  follows: 
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Stress  in  ^y  =  2,000  pounds 
Stress  in  Z?/  =  3,000  pounds 
Stress  in  C H  =  5,000  pounds 
Stress  itiBG  =  7,000  pounds 

The  stress  in  DJ  is  equal  to  1,000  multiplied  by  the  secant 
of  the  angle  DJE,  or  a;  in  CI  it  is  equal  to  3,000  multi- 
plied by  sec  «,  etc.  Hence,  the  following  notation  may  be 
made: 

Stress  in  DJ  =  1,000  X  sec  a  =  1,000  X  1.28075  =  1,281 
pounds. 

Stress  in  CI  =  3,000  X  sec  a  =  3,000  X  1.28075  =  3,842 
pounds. 

Stress  inBN  =  5,000  X  sec  a  =  5,000  X  1.28075  =  6,404 
pounds. 

Stress  in  AG  =  7,000  X  sec  a  =  7,000  X  1.28075  =  8,965 
pounds. 

The  stress  in  the  chord  members  may  be  obtained  as 
explained  in  connection  with  the  Howe  truss.  For  instance, 
the  stress  in  A  B  is  equal  to.  the  horizontal  component  of 
that  in  A  G  and  is  a  compressive  stress,  while  the  stress 
in  GH  is  equal  to  the  same  amount,  but  is  tensile.  In  this 
problem,  the  horizontal  component  of  ^4  G  is  equal  to  7,000 
X  tan  a  =  7,000  X  .800196  =  5,601  pounds.  The  stress  in 
the  members  BC  and  ///  is  equal  to  (7,000  +  5,000) 
X  tan  a  =  12,000  X  .800196  =  9,602  pounds.  Then  the 
chord  stresses  may  be  written  as  follows: 

AB  =  GH  =  7,000  X  tan  a  =  7,000  X  .800196  =  5,601 
pounds. 

B  C=  H I  =  (7,000  -y  5,000)  X  tan  a  =  12,000  X  .800196 
=  9,602  pounds. 

CD  =  IJ  =  (7,000  +  5,000  +  3,000)  X  tan  «  =  15,000 
X  .800196  =  12,003  pounds. 

DE  =  (7,000  +  5,000  +  3,000  +  1,000)  X  tan  a  =  16,000 
X  .800196  =  12,803  pounds. 
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THE   WARREN  TRUSS 

54.  The  Warren  truss  is  usually  built  of  iron  or  steel, 
and  while  it  is  not  much  used  in  this  country,  in  England  it 
is  frequently  employed  for  comparatively  short  spans.  The 
stresses  in  the  members  may  be  obtained  analytically,  as 
explained  in  connection  with  the  Howe  and  Pratt  trusses. 
The  chord  stresses  may  also  be  determined  by  the  method  of 
chord  increments,  which  is  explained  as  follows:     Referring 
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to  Fig.  49  (a),  assume  that  it  is  desired  to  find  the  stress  in 
the  chord  member  n  a.  Draw  a  curved  section,  as  shown  by 
the  dotted  line,  cutting  this  member  and  all  the  web  mem- 
bers to  the  left.  The  vertical  shears  in  the  web  members 
may  be  designated  by  5,,  s^,  s„  etc.  Then  in  order  to  have 
the  truss  in  equilibrium,  the  sum  of  the  hori25ontal  compo- 
nents must  equal  zero.  The  action  of  the  stresses  in  the  web 
members  dm,  bn,  and  en  may  be  observed  from  Fig.  49  {b). 
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which  shows  the  horizontal  components  of  these  stresses. 
The  members  bm  and  en  are  in  compression;  hence,  their 
vertical  components  x'  and  z'  act  downwards  and  their  hori- 
zontal components  x  and  z  toward  the  left,  as  shown  by  the 
arrows.  The  member  bn  is  in  tension  and  its  vertical  com- 
ponent y  is  an  upward  force,  while  its  horizontal  component  y 
acts  toward  the  left.  Therefore,  the  sum  of  the  horizontal 
components,  since  all  act  in  the  same  direction,  is  x  -\-  y  -^  z, 
and  the  stress  mno  must  be  equal  to  this  sum  and  act  in  the 
opposite  direction.  Then,  as  the  horizontal  component  of  any 
web  member  is  equal  to  the  vertical  shear  in  that  member 
multiplied  by  the  tangent  of  the  angle  which  that  member 
makes  with  the  vertical,  the  following  rule  may  be  stated: 

Kule. — The  stress  in  any  chord  member  is  equal  to  the  sum 
of  the  products  of  the  vertical  shear  in  each  web  member  between 
the  chord  in  question  and  the  Clearer  reaction,  multiplied  by  the 
tangent  of  the  angle  that  the  web  member  makes  with  the  vertical. 

Hence,  the  stress  in  no  is  equal  to  ^i  tan  a,  -\- s,  tan  a^ 
+  53  tan  a,,  but  as  a,,  a^,  and  a,  are  all  equal,  the  equation 
becomes,  stress  inno  =  tan  a{si  -|-  5,  -|-  s^. 

55.  The  stress  in  the  web  member  is  equal  to  the  verti- 
cal component  of  its  stress  multiplied  by  the  secant  of  the 
angle  that  the  web  makes  with  the  vertical,  or,  referring  to 
Fig.  49  (^)  ;tr'  X  sec  a;  but  as  the  vertical  component  of  the 
oblique  force  represents  the  shear  in  that  member,  its  stress 
is  equal  to  the  shear  multiplied  by  the  secant  of  its  angle, 
or  5  X  sec  a.     Hence,  the  following  rule  may  be  given: 

Rule. — The  stress  in  any  web  member  is  equal  to  the  shear  in 
that  member  multiplied  by  the  secant  of  its  angle  with  the  vertical. 

Assume  a  Warren  truss  to  be  of  the  dimensions  given  in 
Fig.  49;  the  sum  of  the  live  and  dead  loads  is  taken  at  26,000 
pounds  per  panel.  It  will  be  noticed  that  at  the  points 
b  and  k  there  is  a  load  of  only  19,500  pounds.  This  may  be 
explained  by  supposing  that  the  extent  of  a  panel  is  that  part 
of  the  truss  included  between  two  adjoining  apexes  and  that 
between  each  of  these  there  is  a  distributed  load  of  26,000 
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pounds.  Between  the  points  a  and  b  there  is  only  one-half 
panel  with  a  load  of  13,000  pounds,  one-half  of  which  is  sup- 
ported directly  at  the  point  m  through  the  member  a  m. 
The  Qther  half,  or  6,500  pounds,  is  supported  at  the  point  b, 
which  point  also  supports  one-half  of  the  total  panel  load  be, 
or  13,000  pounds.  Adding  these  loads,  13,000  +  6,500,  gives 
a  total  load  of  19,500  pounds,  as  indicated  in  the  diagram. 
The  small  load  at  a  is  disregarded  and,  in  fact,  the  members 
am  and  ab  are  not  considered  in  determining  the  stresses 
in  the  members  of  the  truss.  Applying  the  rule  given  in  this 
article,  the  stress  in  the  member  bm  is  equal  to  the  shear 
in  that  member,  which  is  123,500  pounds,  since  no  load  is 
applied  until  the  point  b  is  reached,  multiplied  by  the  secant 
of  a;  as  this  angle  is  30°,  its  secant  is  1.1547.     Hence, 

Stress  in  bm  is  123,500  X  1.1547  =  142,605 pounds. 

Shear  in  ^«  is  123,500  -  19,500  =  104,000  pounds. 

Stress  in  bn  is  104,000  X  1.1547  =  120,089  pounds. 

The  shear  in  c  w  is  the  same  as  in  b  it  and  consequently 
the  stress  is  the  same  amount,  but  a  different  kind,  the  stress 
m  en  being  compressive,  while  that  in  bn  is  tensile.  The 
stresses  in  the  remaining  web  members  may  be  obtained 
similarly.  The  chord  stress,  as  previously  stated,  is  equal  to 
the  sum  of  the  shears  in  all  the  web  members  to  the  left, 
multiplied  by  the  tangent  of  a.     Then, 

Stress  in  ww  =  j,  X  tan  a  =  123,500  X  .57735  =  71,303 
pounds. 

Stress  m.no  =  {s,  +  s,  +  s,)  X  tan  a  =  (123,500  +  104,000 
+  104,000)  X  .57735  =  191,391  pounds. 

Stress  in  o/>  =  (s^  +  s,  +  ^3  +  5^  +  s,)  X  tan  a  =  (123,600 
-f  104,000  -I-  104,000  +  78,000  +  78,000)  X  .57735  =  281,458 
pounds. 

Considering  the  upper  chord,  the  stress  in  be  =  {s,  +  s,) 
X  tan  a  =  (123,500+104,000)  X  .57735  =  131,347  pounds. 

Stress  in  e  d  =  {s,  +  s,  +  s,  +  5J  X  tan  a  =  123,500 
+  104,000  +  104,000  +  78,000)  X  .57735  =  236,425   pounds. 

The  stresses  in  all  the  chord  members  may  be  obtained 
similarly,  and  those  in  the  lower  chord  are  always  in  tension 
while  those  in  the  upper  are  in  compression. 
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THE  LATTICE  TRUSS 
56.     The   lattice   truss,   or  double  Warren,   as  it  is 

sometimes  called,  is  shown  in  Fig.  50.  It  consists  of  two 
systems  of  triangular  bracing,  one  of  which  is  represented 
in  the  figure  by  full  lines  and  the  other  by  dotted  lines. 
The  truss  is  equivalent  to  the  two  trusses  welded  into  one 
and  the  loads  at  c,  e,  and  g,  in  view  (a),  are  considered  as 
being  carried  to  the  abutments  by  the  diagonals  shown 
dotted,  while  the  full-line  diagonals  transfer  the  loads  at 
b,  d,  /,  and  h  to  the  abutments.  The  chord  stresses  are  found 
by  the  method  of  chord  increments,  as  in  the  Warren  truss. 
For  instance,  the  stress  in  a  5  is  equal  to  the  vertical  shear 
in  the  web  ak  multiplied  by  the  tangent  of  the  angle  y a  ^, 
or  a,  which  in  this  case  is  45°,  and  consequently  its  tangent 
is  1.  Taking  the  dead  load  at  350  pounds  per  foot,  the 
panel  loads  are  350  X  8  =  2,800  pounds.  The  system  of 
diagonals  to  which  a  k  belongs  receives  three  panel  loads; 
then  half  of  the  center  load  will  be  carried  to  the  left 
reaction  down  the  diagonal  em  and  up  mc,  at  which  point 
another  load  is  added,  so  that  one  and  one-half  panel  loads  are 
carried  down  to  k  and  up  to  a.  Hence,  the  vertical  shear  in  a  ^ 
is  li  X  2,800  =  4,200  pounds,  and  the  stress  in  the  chord  a  b 
is  shear  in  a^  X  tan  a  =  (li  X  2,800)  X  1  =  4,200  pounds. 

The  stress  in  the  chord  be  \^  equal  to  the  sum  of^  the 
shears  in  all  the  web  members  cut  by  the  curved  sec- 
tion XX,  multiplied  by  tan  «.  The  whole  load  at  d  sup- 
ported by  the  full-line  diagonals  is  transferred  to  the  left 
abutment  by  passing  down  dl  and  up  lb,  where  it  encounters 
another  panel  load;  hence,  the  vertical  shear  in  b  j  is  equiva- 
lent to  two  panel  loads,  while  that  in  5/  is  equal  to  one 
panel  load.  As  ak  x's,  equal  to  one  and  one-half  panel  loads, 
the  stress  in  the  chord  be  equals  (li  +  24- 1)  X  2,800x  1 
=  12,600  poxmds.  In  the  same  manner,  the  stresses  in  all 
the  chord  members  may  be  determined,  those  in  the  upper 
chord  always  being  compressive  and  in  the  lower  tensile. 

The  stress  in  any  web  member  is  equal  to  the  vertical 
shear  in  that  member  multiplied  by  the  secant  of  its  angle  with 


^ 

^ 

o 

« 

oe 

e» 

ot 

e* 

/         »;         h. 

»-\- 


L. 


^\.  / 


m  n 

ff'^-O"- 

(a) 


1 

1 

1 

t 

i 

+ 

+ 

+ 

s 

a 

c 

e 

0                            ^ 

\            / 

\   '^ 

/\         / \         yv 

\.  / 

\ 

/^              -"^V 

/                  s 

\/ 

\ 

u 

)M                                           O 

9 

1 

51 

1 

rc> 

^ 

u 

-5 

BIN 


F:g. 50 


§14  BEAMS  AND  GIRDERS  85 

the  vertical,  which,  in  this  truss,  is  1.4142;  hence,  the  stress 
\n  ak  produced  by  the  dead  load  is  1^X2,800X1.4142 
=  5,940  pounds.  To  find  the  maximum  stresses  in  the 
webs,  it  is  necessary  to  consider  the  truss  as  only  partly 
covered  by  the  live  load;  therefore,  it  will  be  assumed  that 
the  live  load  extends  over  the  entire  portion  of  the  truss 
to  the  right  of  the  panel  c,  as  shown  in  Fig.  50  {b) .  As 
stated  previously,  the  two  systems  of  diagonals  must  be 
considered  separately  in  determining  the  web  stresses,  the 
loads  supported  by  the  dotted  diagonals  and  the  resulting 
reactions  being  shown  in  Fig.  50  (c) .  The  dead-load  reaction 
is  marked  D.  L.,  while  that  produced  by  the  live  load  is 
designated  by_  L.  L.  The  stress  'm.ak,  under  the  condition 
of  loading  shown  in  (c),  is  (3,000  + 5,600- 1,400)  X  sec  a 
=  7,200x1.4142  =  10,182  pounds.  The  same  stress  exists 
in    kc,    while    in    c  m    and   me   it    is    (3,000  +  5,600-1,400 

-  2,800)  X  sec  a  =  4,400x1.4142  =  6,222  pounds.  In  ^^ 
and  og,   the  stress  is  (3,000  +  5,600-1,400-2,800-2,800 

-  4,000)  X  sec  a  =  -  2,400  X  1.4142  =  -  3,394  pounds. 
The  stress  in  ^^  and  qi  is  (3,000  +  5,600-1,400-2,800 

-  2,800  -  4,000  -  2,800  -  4,000)  X  sec  a  =  -  9,200  X  1.4142 
=  —  13,011  pounds. 

The  —  sign  in  the  last  two  results  does  not  denote  a  ten- 
sile stress,  but  simply  indicates  that  the  shear  in  these  mem- 
bers is  negative,  when  the  shear  at  the  left-hand  reaction  is 
considered  as  positive;  in  other  words,  the  shear  changes 
sign  at  the  point  e,  for  the  system  of  dotted  diagonals. 

Referring  to  Fig.  50  (rf),  the  stresses  in  the  full-line 
diagonals  are  determined  as  follows: 

Stress  in  jb  =  (5,600  +  4,500)  X  sec  a  =  10,100x1.4142 
=  14,283  pounds. 

Stress  in  5/  and  /^  =  (5,600  +  4,500  -  2,800)  X  sec-ft 
=  7,300X1.4142  =  10,324  pounds. 

Stress    in   dn   and   « /  =   (5,600  +  4,500-2,800-2,800 

-  4,000)  X  sec  «  =  500x1.4142  =  707  pounds. 

Stress   in   ip  and   ph  =  (5,600  +  4,500-2,800-2,800 

-  4,000  -  2,800  -  4,000)  X  sec  «   =   -  6,300  x  1.4142  = 

-  8,909  pounds. 
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Stress    m.    hr  =  (5,600  +  4,500  -  2,800  -  2,800  -  4,000 

-  2,800  -  4,000  -  2,800  -  4,000)  X  sec  a  =  -  13,100 
X  1.4142  =  -  18,526  pounds. 

The  same  method  may  be  pursued  to  determine  the  web 
stresses  under  the  different  conditions  of  loading,  and  the 
maximum  stress  in  each  member  may  thus  be  ascertained. 
The  members  ak,  cm,  go,  iq,  and  bl,  dn,  fn,  hp  are 
in  tension,  while  ck,  em,  eo,  gq,  and  bj,  dl,  ip,  hr  are 
in  compression. 

57.  In  Fig.  51,  the  stress  diagrams  for  the  different 
conditions  of  loading  are  shown.  The  stresses  may  be 
scaled  from  these  diagrams,  computed  by  the  method  of 
sections,  or  determined  analytically,  as  explained  below. 

When  the  dead  load  only  is  considered,  the  reactions  pro- 
duced by  the  loads  on  the  full-line  diagonals  are  each  5,600 
pounds;  then  the  stress  in  hr.  Fig.  51  {a),  is  compressive 
and  is  equal  to  5,600  X  sec  a.  At  the  point  h,  a  load  of 
2,800  pounds  counteracts  half  of  the  force,  thus  leaving  5,600 

—  2,800  =  2,800  pounds  of  vertical  force  that  creates  tension 
in  the  member  hp.  The  same  force  is  carried  up  the  web  fp, 
producing  a  compressive  stress  in  that  member,  and  at  /it 
meets  the  load  of  2,800  pounds,  which  is  just  equal  to  it  and 
consequently  entirely  neutralizes  it.  Hence,  under  a  uniform 
load,  there  is  no  stress  in  fn  and  dn;  that  is,  the  truss  would 
be  stable  without  these  members.  This  condition  is  changed, 
however,  when  the  live  load  of  4,000  pounds  is  applied  at  HI. 
The  right-hand  reaction  is  then  equal  to  9,100  pounds  and 
the  left-hand  reaction  to  6,100  pounds.  The  stress  in  A  r  is 
9,100  X  sec  a;  at  h,  the  load  of  4,000  +  2,800  =  6,800  pounds 
is  encountered  and  a  force  of  9,100  —  6,800  =  2,300  pounds  is 
left  to  pass  down  hp  and  nppf.  The  load  of  2,800  pounds 
at  /must  be  taken  care  of,  but  as  fp  can  take  only  2,300  pounds, 
the  remaining  500  pounds  must  be  resisted  by  fn;  hence, 
the  stress  in  fn,  which  is  compressive,  is  equal  to  500  X  sec  a. 
The  same  amount  of  stress  is  created  in  dn,  but  it  is  of  oppo- 
site character,  or  tensile.  At  d,  another  load  of  2,800  pounds 
is  applied,  so  that  d I  must  carry  2,800  +  500]=  3,300  pounds. 
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The  stress  in  this  member  is,  of  course,  compressive  and 
the  same  amount  of  tension  exists  in  b  I.  At  b,  the  load  of 
2,800  pounds  is  added,  thus  producing  a  force  of  (3,300 
+  2,800)  =  6,100  pounds  to  be  resisted  by  bj;  therefore,  the 
compression  in  this  member  is  6,100  X  sec  a.  If  the  live 
load  is  applied  at  the  points  h  and  /,  the  right-hand  reaction 
is  11,600  pounds  and  the  left-hand,  7,600  pounds.  Then  the 
stress  in  h  r  is  11,600  X  sec  a,  while  in  hp  and  fp  the  stress  is 
(11,600  -  6,800)  X  sec  a.  At /,  another  load  of  6,800  pounds 
is  to  be  resisted  and  as  fp  can  take  care  of  4,800  pounds,  the 
remainder,  or  2,000  pounds,  must  be  resisted  by  in.  Hence, 
the  compression  in  fn  and  the  tension  in  dn  are  equal  to 
2,000  X  sec  a.  In  dl  and  bl,  the  stress  is  (2,000  -f  2,800) 
X  sec  a,  while  the  compression  in  b-j  is  (2,000  -|-  2,800 
-|-  2,800)  X  sec  a.  In  this  manner  the  web  stresses  may  be 
determined  for  all  conditions  of  loading.  It  will  be  observed 
that  when  the  live  load  comes  from  the  right,  as  considered 
in  the  calculations  given  above,  the  stress  in  /« is  compress- 
ive, while  in  dn  it  is  tensile,  but  when  the  live  load  is  applied 
at  the  left-hand  end  of  the  truss,  the  stresses  in  these  mem- 
bers will  be  reversed.  Therefore,  it  will  be  necessary  to 
make  dn  and  /n  capable  of  resisting  both  tension  and  com- 
pression. In  the  dotted  diagonals,  the  kind  of  stress  does 
not  change  under  the  different  conditions  of  loading. 


liATEEAIv  BRACING 

58.  When  a  trussed  girder  is  used  to  support  a  tramway 
between  two  buildings  or  in  any  similar  position,  it  is  neces- 
sary to  take  into  consideration  the  wind  pressure  on  the 
girder,  and  to  provide  a  system  of  lateral  bracing  to 
resist  this  pressure.  When  the  girder  is  not  enclosed,  as  in 
a  bridge,  the  wind  acts  on  both  sides  of  it,  that  is,  on  both 
trusses  forming  the  girder;  but  the  area  to  be  regarded  as 
exposed  to  the  wind  is  a  question  that  the  designer  must 
decide.  If  the  girder  is  enclosed,  of  course  the  surface 
exposed  to  the  wind  is  equal  to  the  entire  area  of  one 
covered  side. 
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In  the  following  example  the  stresses  in  the  members  of 
the  trusses  may  be  determined  as  previously  explained; 
therefore,  only  the  bracing  required  to  resist  the  wind  pres- 
sure will  be  considered. 


Fig.  52 

Example. — A  covered  runway,  or  bridge,  connecting  two  wings  of 
a  large  factory  at  the  fifth  story  has  a  span  of  120  feet  and  a  depth  of 
12  feet.  The  trusses  are  composed  of  twelve  panels  and  the  distance 
between  trusses  is  8  feet.  The  floor  of  the  bridge,  which  is  supported 
on  the  lower  chords  of  the  trusses,  is  composed  of  two  layers  of 
2J-inch  tongued-and-grooved  spruce  plank  laid  diagonally,  one  layer 
crossing  the  other,  and  a  1-inch  finished  floor;  this  construction  fur- 
nishes sufficient  bracing  against  the  wind  at  the  lower  chords,  but  it  is 
necessary  to  introduce  a  system  of  diagonal  bracing  between  the 
upper  chords,  as  shown  in  Fig.  52.  Considering  the  wind  pressure  as 
30  pounds  per  square  foot,  what  will  be  the  stresses  created  in  the 
system  of  lateral  bracing? 


Fig.  53 


Solution.— As  the  ends  of  the  trusses  are  to  be  built  into  the  walls, 
the  horizontal  reactions  due  to  the  wind  load  are  transmitted  to  the 
masonry  instead  of  being  resisted  by  the  transverse  strength  of  the 
end  struts.     (The  transverse  strength  of   columns  or   struts   against 
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lateral  forces  is  treated  in  Wind  Bracing,  and  consequently  it  is  not 
necessary  to  consider  it  here.)  The  area  of  one  panel  is  12  X  10  =  120 
sq.  ft.  and  therefore  the  wind  load  per  panel  is  120  X  30  =  3,600  lb., 
but  as  one-half  of  this  amount  is  to  be  resisted  by  the  floor,  the  panel 
loads  acting  on  the  system  of  bracing  between  the  upper  chords  are 
1,800  lb.  each.  A  plan  of  the  top  of  the  girder  showing  the  wind  loads 
applied  is  given  in  Fig.  53.  The  members  ah,  b  i,  cj,  6tc.  are  heavy 
wooden  beams  and  hence  should  always  be  in  compression.  The 
tension  rods  designated  by  the  heavy  lines  are  in  use  when  the  load  is 
applied  as  shown,  but  when  the  wind  comes  from  the  other  side  the 
dotted  diagonals  provide  the  required  tension  and  the  heavy  diagonals 
are  not  in  use.  The  stress  m  gn  is  1,800  lb.  and  half  of  this  force 
reacts  on  fn,  while  the  other  half  goes  to  the  tension  member  on  the 
right  of  gn.  Then  the  tensile  stress  in  fn  is  900  X  sec  f'ng  =  900 
X  1.601  =  1,441  lb.  The  stress  in  fm  is  900  +  1,800  =  2,700  lb.,  com- 
pression, and  the  tension  in  em  is  2,700X1.601  =  4,323  lb.  The 
remaining  stresses  may  be  analyzed  and  the  following  tabulation 
made: 
gn  =  1,800-+  ck  =  6,300  X  1.601  =  10,086- 

fn  =     900  X  1.601  =  1,441-  cj  =  6,300  +  1,800  =    8,100+ 

fm  =  1,800  +     900  =  2,700+  dj  =  8,100  X  1.601  =  12,968- 

em  =  2,700  X  1.601  =  4,323-  6i  =  8,10/3  +  1,800  =    9,900+ 

e  I  =  2,700  +  1,800  =  4,500+  a  i  =  9,900  X  1.601  =  15,850- 

dl  =  4,500  X  1.601  =  7,205-  a/j  =  9,900  +     900  =  10,800  + 

dk  =  4,500  +  1,800  =  6,300+  Ans. 


DETAILS  OF  TRUSS  CONSTRUCTION 


WOODEN    TRUSSED    GIRDERS 

59.  It  is  frequently  desirable  to  support  roofs  on  trussed 
girders;  that  is,  trusses  with  horizontal  top  and  bottom  chords. 
A  truss  of  this  kind  constructed  of  timber  is  illustrated  in 
Fig.  54  by  a  plan  {a),  an  elevation  {b) ,  and  with  details 
(c),  (a?),  {e),  and  (/).  The  elevation  shows  that  the  timber 
trusses  A  and  B  have  a  theoretical  span  of  47  feet  11  inches 
and  the  plan  shows  that  they  are  placed  16  feet  II2  inches 
between  centers.  The  elevation,  Fig.  54  {b) ,  shows  the 
general  oiitline  of  the  truss.  Its  structural  elements  consist 
of  a  rigid  central  panel  counterbraced  with  1-inch  diagonal 
rods  that  insure  this  portion  of  the  frame  against  any  distor- 
tion produced  by  unsymmetrical  loads,  and  the  two  triangles 
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eba  and  dc£  form  a  rigid  frame  incapable  of  distortion.  The^ 
chord  members  and  end  posts  of  the  truss  g,  g,  Fig.  54  {b), 
are  each  composed  of  two  3"  X  12"  pieces  of  yellow  pine, 
placed  side  by  side  and  separated  by  yellow-pine  blocks 
la  inches  thick.  The  position  of  these  blocks  is  shown  in 
the  elevation  {b)  dXB,B,B. 

Referring  to  the  details  shown  in  Fig.  54  {c),  it  will 
be  seen  that  the  diagonal  counterbracing,  consisting  of 
1-inch  rods,  extends  through  the  space  left  between  the  tim- 
bers making  up  the  upper  and  lower  chords  and  that  they 
are  secured  at  the  ends  by  especially  designed  check- 
washers  a,  a.  The  strut  members  b,  b  in  the  middle  panel 
of  the  truss  are  each  made  up  of  two  3"  X  6"  yellow-pine 
timbers.  These  are  cut  to  the  shape  shown  in  the  detail  at 
the  ends  and  are  secured  in  place  by  being  spiked  to  cleats 
c,  c  li  inches  thick  that  fit  between  the  middle  space  of  the 
connecting  members  and  form  what  would  be  termed  in 
steel  construction,  a  gusset  plate.  The  vertical  members  d, 
as  designated  in  the  drawing  of  the  details,  are  composed  of 
two  3"  X  9"  yellow-pine  pieces  .  fitted  tightly  between  the 
upper  and  lower  chord  members  and  further  held  in  place 
and  reenforced  by  two  \"  X  9"  yellow-pine  pieces  nailed  on 
each  side  of  the  heavier  pieces  of  the  member.  These  side 
pieces  extend  over  the  top  and  bottom  chords  and  are  bolted 
to  them  with  f-inch  bolts.  The  required  strength  in  the  heel 
connection  of  the  truss  is  obtained  by  the  introduction  of  the 
li-inch  through  bolt  e  and  by  3"  X  9"  and  3"  X  6"  cleats 
I?,  and  e^,  one  being  placed  above  the  bolt  and  the  other 
below  it,  both  being  inserted  between  the  pieces  composing 
the  end  post  and  the  lower  chord  of  the  truss.  The  pres- 
ence of  the  lower  cleat  e^  is  not  quite  evident  in  the  draw- 
ing, because  its  outline  coincides  with  that  of  the  lower 
chord  and  end  post.  The  connection  is  secured  to  the  cleats 
by  through  bolts,  and  the  li-inch  bolt  forming  the  main 
resistance  of  the  joint  is  provided  with  special  cast-iron 
washers,  details  of  which  are  shown  at  {e)  and  (/).  Addi- 
tional resistance  is  obtained  at  this  important  joint  by  notch- 
ing the  end  post  into  the  lower  chord  member  and  thus 
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obtaining  the  shearing  resistance  of  the  timber  along  the 
line  //.  From  the  plan,  Fig.  54  (a),  it  is  noticed  that 
purlins  k,  h  composed  of  3"  X  12"  pieces  of  yellow  pine 
extend  between  the  trusses  A  and  B.  These  purlins  are 
supported  from  the  truss  by  wrought-iron  stirrup  irons  ^,  as 
shown  in  (c) ,  and  carry  the  bulk  of  the  weight  of  the  roof 
between  the  trusses  A  and  B.  The  other  purlins,  marked  / 
in  the  plan,  are  supported  on  the  end  posts  of  the  truss  in 
the  manner  shown  in  (rf),  which  is  so  clear  as  to  need  no 
explanation. 

60.     Another  type  of  timber  truss,  which  is  frequently 
used  in  mill  construction  or  temporary  work,  is  that  shown 
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in  Fig.  55.  This  trussed  girder  was  designed  for  a  span  of 
45  feet  and  a  total  live  and  dead  load  of  50,000  pounds, 
uniformly  distributed.  It  is  constructed  of  Georgia  yellow 
pine  and  is  5  feet  6  inches  in  depth.  The  members  and 
details  of  construction  are  designed  for  a  factor  of  safety 
of  at  least  4.  Both  chords  of  the  trusses  are  composed 
of  three  pieces  of  timber  placed  side  by  side  and  separated 
with  3"  X  4"  separators  composed  of  the  same  material  as 
the  truss.  These  separators  are  gained  into  the  chord  tim- 
bers about  i  inch.  While  this  is  apt  to  weaken  the  chord  in 
tension  somewhat,  the  rigidity  gained  by  the  insertion  of  the 
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separators  in  this  manner,  laterally  and  vertically,  more 
than  compensates  for  the  loss  in  strength.  From  the  figure, 
it  will  be  noticed  that  the  web  compression  members  are  all 
composed  of  4"  X  4"  pieces.  Those  marked  a,  a,  a  are 
doubled,  for  with  the  rods  b,  c,  and  d,  they  form  the  prin- 
cipal members  of  the  web,  while  the  members  e,e,e  are 
composed  of  single  pieces  of  timber.  These  pieces  would 
not  be  necessary  if  it  were  certain  that  the  load  would 
always  be  uniformly  distributed.  The  possibilities  are,  how- 
ever, that  with  a  girder  of  this  span  and  supporting  the  great 
floor  area  that  it  necessarily  must,  the  floor  load  will  fre- 
quently be  concentrated  on  portions  of  the  girder,  and 
consequently  the  counterbraces  are  necessary  to  insure  the 
truss  against  distortion.  The  structural  outline  of  this  truss 
extends  along  the  lines  fgh  i  and  the  upper  chord  is  extended 
from  g  to  y  only  iu 
order  to  support  the 
portion  of  the  floor 
adjacent  to  the  wall.  It 
is  evident  from  this 
that  the  frame  diagram 
of  the  truss  is  as  shown 
in  Fig.  56,  or  in  the 
form  of  a  Howe  truss.  Consequently,  the  rods  k  are  of  little 
use  except  to  rigidly  tie  the  extended  portion  of  the  upper 
chord  to  the  lower  one  at  the  abutments,  while  the  struts  /,  / 
are  introduced  to  take  up  the  reaction  at  the  end  /  of  the 
extended  portion  of  the  upper  chord.  The  timber  strut  mem- 
bers of  the  web  are  held  in  place  on  bearing  blocks  by  means 
of  oak  dowels,  as  shown  at  m,  special  care  being  taken  to 
secure  a  rigid  and  adequate  connection  at  n  by  the  introduc- 
tion of  a  cast-iron  foot-plate. 


Fig.  56 


61.  Should  it  be  necessary  to  splice  the  timbers  making 
up  both  the  top  and  bottom  chord,  the  splices  should  be  kept 
as  near  as  possible  to  the  abutments,  for,  in  the  chords,  the 
stresses  decrease  toward  the  supports.  For  the  splice  in  the 
upper,  or  compression,  chord  it  is  only  necessary  to  observe 
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that  the  spliced  timbers  are  cut  true  and  square  and  abut, 
their  alinement  being  secured  by  pieces  of  timber  bolted  on 
each  side.  Such  a  detail  as  described  is  shown  in  view  (b). 
The  splice  for  the  chord  in  tension  is  shown  at/  in  view  (a). 
It  is  necessary  to  use  wrought-iron  splice  plates  having  a 
lug  g,  Fig.  55  (c),  on  each  end.  All  such  splice  connections 
should  be  analyzed  for  shear  parallel  with  the  grain  and  for 
bearing  on  the  end  wood,  and,  if  possible,  a  strength  greater 
by  25  per  cent,  than  the  strength  of  the  net  section  of  the 
member  spliced  should  be  realized.  The  washers  r,  r  are 
subjected  to  considerable  bending  stress  and  are  therefore 
made  of  pieces  of  5-inch  channel  iron  equal  in  length  to  the 
width  of  the  chord  members.  When  channels  are  thus  used 
for  washers  it  is  generally  necessary  to  provide  a  socket 
wrench  to  tighten  up  the  bolts. 

62.  In  Fig.  57  is  shown  a  trussed  girder  having  a  span 
of  over  50  feet.  At  the  ends,  it  is  built  in  a  manner  similar 
to  a  plate  girder  with  a  web  a  extending  between  the  flange 
angles.  Toward  the  center,  however,  for  economy  and  also 
because  it  was  desired  to  provide  a  construction  that  would 
allow  the  diffusion  of  light  from  a  skylight,  the  girder  was 
made  open,  as  shown.  The  girders  are  stiffened  laterally  at 
the  lower  flange  by  I  beams  extending  to  the  walls  and  at  the 
top  flange  by  a  brace,  secured  at  c,  extending  to  a  horizontal 
steel  beam  member  resting  on  the  walls.  At  the  center  of 
the  span,  the  girder  is  further  reenforced  laterally  by  the 
beams  for  the  support  of  the  diffusing  sash  shown  at  d. 
There  are  no  peculiarities  of  the  design  requiring  detailed 
explanation,  as  the  drawing  is  sufficiently  clear  with  refer- 
ence to  the  constructive  details. 

63.  In  Fig.  58  is  shown  a  detail  design  of  a  trussed 
through  bridge,  such  as  would  be  used  to  connect  two  wings 
or  two  buildings  of  a  manufacturing  plant.  It  must  be 
designed  to  carry,  besides  its  own  weight,  the  truck  loads  of 
the  heaviest  merchandise  that  would  be  likely  to  be  sent 
across  it.  The  bridge  has  a  span  of  120  feet,  is  10  feet  from 
center  to  center  of  trusses  across,  and  is  15  feet  6  inches 
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from  out  to  out  of  chord  members  in  height  or  depth.  The 
two  main  views  are  elevations  supposed  "to  join  along  the 
lines  a  a.  The  chord  members  of  the  truss  are  composed  of 
two  <o"  X  6"  X  2"  angles  riveted  to  a  \"  X  18"  web-plate. 
By  the  adoption  of  a  built-up  T  section  of  this  kind  the 
necessity  of  gusset  plates  is  obviated,  as  the  web  members 
of  the  truss  can  be  riveted  through  the  vertical  parts  of  the 
chord  members.  Owing  to  the  fact  that  it  is  impossible  to 
obtain  such  angles  and  plates  as  are  shown  in  the  drawing 
longer  than  50  or  60  feet,  the  upper  and  lower  chord  members 
must  be  spliced  as  shown  at  a,  b. 

In  the  upper  splice,  it  is  only  necessary  to  provide  sufficient 
splice  plates  and  rivets  to  hold  the  ends  of  the  upper  chord 
member  in  alinement,  but  in  the  design  of  the  splice  b  for 
the  lower  chord,  long  splice  plates  must  be  used  and 
sufficient  rivets  to  realize,  by  their  shearing  resistance,  the 
strength  of  the  net  section  of  the  chord  member.  To  stiffen 
the  lower  chord  laterally  at  the  splice,  it  is  advisable  to  use 
cover  angles  that  fit  into  the  chord  angles,  as  at  c.  Where 
possible,  it  would  be  well  to  splice  the  angles  of  the  lower 
chord  at  a  different  place  from  the  splice  of  the  web  plate. 
The  central  panels  are  counterbraced  so  that  there  will  be 
no  distortion  of  the  frame  from  a  moving  load.  The  end 
posts  of  the  truss,  as  at  d,  should  be  strongly  constructed  so 
as  to  withstand  the  bending  stress  produced  by  the  gusset- 
plate  brace  e,  shown  in  the  view  placed  in  the  lower  right- 
hand  corner.  This  gusset-plate  brace  transmits  considerable 
stress  from  the  upper  lateral  wind  bracing,  and  the  only  way 
to  resist  the  stress  is  to  provide  a  sufficient  section  modulus 
in  the  end  members  so  as  to  supply  the  necessary  resisting 
moment.  While  the  floor  system  will  offer  sufficient  lateral 
resistance  at  the  bottom  of  the  truss,  it  is  good  practice  to 
provide  lateral  bracing  at  the  botton  as  well  as  at  the  top. 
As  the  truss  is  of  steel,  and  of  considerable  span,  it  is  neces- 
sary to  provide  for  the  expansion  and  contraction  of  the 
frame.  For  this  purpose  the  steel  bearing  plate  /  is  supplied 
and  the  anchor  bolts  are  passed  through  slotted  holes  in  the 
heel  plate  g. 


COLUMNS  AND  STRUTS 

(PART  1) 


INTRODUCTION 

1.  With  the  exception  of  the  foundations,  the  columns 
are  the  most  important  element  in  the  constructive  design  of 
a  building.  To  them  should  be  devoted  the  most  careful 
study  of  the  architect  and  engineer,  for  the  failure  of  one  of 
them  means  the  falling  of  a  portion  of  the  building,  or  its 
entire  demolition.  They  may  be  classified  according  to  the 
material  of  which  they  are  constructed,  and  according  to 
the  shape  or  form  of  their  cross-section. 

Under  the  first  classification  are  included  wooden,  cast- 
iron,  and  structural  steel  columns  and  monoliths  of  stone 
subjected  to  compression.  In  making  the  second  classifica- 
tion, the  first  must  be  considered.  Wooden  columns  are 
either  square,  rectangular,  or  round  in  section.  Cast-iron 
columns  are  usually  hollow,  and  are  square,  rectangular,  or 
round  in  section,  though  frequently  necessity  requires  the 
use  of  a  variety  of  sections.  Steel  columns'  are  made  in  all 
forms  that  can  be  built  up  of  the  usual  rolled  shapes,  and  in 
some  instances  special  shapes  are  made  in.  order  to  secure  a 
column  of  desirable  section. 

It  is  always  a  matter  of  some  nicety  for  the  engineer  to 
make  a  selection  of  the  column  that  will  be  best  adapted  to 
the  work  under  consideration,  particularly  where  the  material 
to  be  used  is  structural  steel.  In  selecting  wooden  and  cast- 
iron  columns,  the  choice  is  limited  and  is  generally  decided 
by  the  matters  of  appearance,  availability  of  material,  and  the 
practicability  with  which  the  girders  and  columns  can  be  made. 

Far  notice  of  copyright,  see  tase  immediately  following  the  title  page 
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2.  In  selecting  steel  columns  that  will  best  fulfil  the  con- 
ditions imposed  by  the  structure,  the  following  considera- 
tions should  be  carefully  studied: 

1.  Economy  in  both  material  and  cost  of  construction. 
The  first  is  attained  when  the  metal  in  the  column  section  is 
distributed  at  a  maximum  distance  from  the  central  axis  of 
the  column,  which  will  also  fulfil  the  condition  that  the 
radii  of  gyration  shall  be  the  same,  or  nearly  so,  on  all  the 
axes  of  the  column  section.  Economy  in  cost  of  construc- 
tion is  principally  accomplished  by  so  designing  the  column 
section  that  it  can  be  readily  built  up  of  stock-rolled  shapes, 

.  arranged  in  such  a  manner  that  the  column  can  be  readily 
fitted  up  and  the  riveting  done  with  facility,  by  power.  The 
availability  of  the  material  should  be  embodied  in  this  con- 
sideration; that  is,  patented  sections  controlled  by  a  distant 
manufacturer  should  be  avoided  unless  prompt  shipment  is 
assured,  as  the  delay  occasioned  by  failure  to  ship,  and  the 
impossibility  of  getting  the  material  elsewhere,  would  cause 
pecuniary  loss. 

2.  That  column  section  should  be  considered  the  best 
constructively  in  which  it  is  arranged  that  the  loads  may  be 
transmitted  directly  to  the  center  of  the  column.  Thus 
eccentric  loading  and  its  attending  dangers  are  avoided. 

3.  The  column  section  should  be  such  that  all  beam  and 
girder  connections  thereto  can  be  made  conveniently  without 
the  use  of  swaged  or  bent  plates  of  peculiar  shape,  and  that 
all  fitting  in  the  field  is  avoided,  in  order  that  the  work  can 
be  rapidly  and  securely  assembled. 

4.  Where,  as  in  buildings  of  many  stories,  the  columns 
extend  from  the  basement  to  the  roof  in  one  continuous 
length,  and  for  reasons  of  economy  it  is  necessary  to  reduce 
the  column  section  at  every  several  stories,  that  section 
should  be  used  that  will  allow  the  reduction  of  the  sectional 
area  of  the  rolled-steel  shapes  employed,  without  materially 
reducing  the  general  dimensions  of  the  column  section. 
Should  the  general  dimensions  of  the  column  be  materially 
reduced  at  the  several  floors,  it  is  evident  that  economy  will 
require  a  column  of  such  small  dimensions  in  the  upper  tiers 
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that  the  difficulty  of  making  good  constructive  details  at  the 
beam  and  girder  connections  will  be  manifest. 

5.  The  column  section  should  be  of  such  form  as  to  be 
easily  accessible  for  inspection  and  painting;  though  when 
completely  fireproofed  this  consideration  is  of  less  impor- 
tance, as  the  covering  will  tend  to  prevent  the  accumula- 
tion of  moisture  on  the  columns  and  lessen  the  liability  of 
deterioration. 


COLUMNS   IN    GENERAL 


STRESS    IN    COLUMNS 

3.  The  stresses  in  a  tension  member  always  tend  to 
straighten  it,  but  in  a  column  a  very,  slight  inequality  at  the 
ends,  or  a  weakness  on  one  side,  will  produce  a  bending 
moment  and  cause  the  column  to  bend.  This  is  shown 
exaggerated  in  Fig.  1.  The  stress  in  the 
plane  A  B  may  be  considered  as  the  alge- 
braic sum  of  the  diagrams  shown  in  Fig.  2, 
in  which  the  line  c  d  may  be  considered  as 
the  zero  line,  its  length  representing  the 
total  thickness  of  the  column,  based  on  any 
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assumed  unit  length,  while  the  ordinates  ac,  kj,  bd,  or  any  i 
of  the  intermediate  verticals,  represent  the  value  of  the 
longitudinal  pressure  in  the  column,  in  pounds  per  square 
inch,  drawn  to  any  convenient  scale.  Ordinates  above  cd 
represent  positive  stress,  that  is,  compression;  those  below, 
negative  or  tension.    When  the  column  remains  straight,  the 
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pressure  is  uniform  throughout  the  section,  as  seen  by  the 
uniform  length  of  the  ordinates  in  the  rectangle  abed. 
As  soon  as  the  pressure  on  the  column  becomes  one-sided, 
the  length  and  signs  of  these  ordinates  are  changed,  some 
changing  from  positive  to  negative,  as  in  the  triangle  cej, 
while  those  in  the  triangle  j  i  d  remain  positive,  increas- 
ing from  zero,  at  j,  to  maximum  compressive,  at  d.  The 
triangles  cgi  and  ihd  represent  the  algebraic  sums  of  the 
two'  stresses,  showing  a  very  large  amount  of  compression 
from  i  to  d  and  tension  from  i  to  c.  At  the  extreme  left  of 
the  figure,  the  algebraic  sum  of  the  stresses  is  ac  —  ce  or  eg, 
a  negative  or  tensile  stress.  At  z,  the  compression  ^nd  ten- 
sion are  eqjaal  and  counterbalance  each  other,  the  result 
being  zero.  From  i  to  j,  the  algebraic  sum  of  the  tension 
and  compression  is  equal  to  a  compressive  stress  ikj.  At  d, 
the  stress  is  all  compression  and,  is  equal  to  the  sum  of  fd 
and  bd,  or  h  d.  In  this  way  the  total  algebraic  sum  of  abde 
and  cejfd  is  found  to  equal  eg  ihd.  It  will  be  seen  that  the 
maximum  compression  ^(^  should  not  exceed  the  safe  com- 
pressive strength  of  the  material. 

If  we  consider  the  area  abde  to  be  represented  by  the 
letter  A  and  eej  fd  by  the  letter  B,  the  strength  of  the  column 
depends  on  the  sum  of  A  and  B.  The  compressive  strength 
A  is  very  easily  found,  being  equal  to  the  sectional  area  of 
the  column  multiplied  by  the  ultimate  unit  compressive 
strength  of  the  material,  but  the  value  of  B  varies  con- 
siderably and  increases  as  the  center  line  of  the  bent 
column  is  farther  from  the  line  of  pressure,  Fig.  1.  On 
this  elementary  formula,  most  formulas  for  the  strength 
of  columns  are  founded. 

As  a  general  rule,  the  shorter  the  column  the  lower  is  the 
value  of  B;  and,  vice  versa,  the  longer-  the  column  the 
greater  is  the  value  of  B.  It  is  for  this  reason  that  two 
formulas  are  generally  adopted,  one  for  short  columns  and 
one  for  long.  Short  columns  are  those  in  which  the 
length  is  small  compared  with  the  width  of  the  shortest 
side;  long  columns  are  those  in  which  the  length  is  great 
compared   with  the   shortest  side.      The  limit  or  point  of 
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change  between  short  and  long  columns  will  be  given  under 
the  proper  heading. 

4.  Method  of  Failure  of  Sliort  Columns. — Materials 
under  compression  fail  in  two  distinct  ways,  depending  on 
the  nature  of  the  material.  Those  that  are  malleable,  such 
as  steel,  flatten  and  are  deformed.  Those  that  are  compara- 
tively brittle  shear  along  a  plane.  In  some  of  the  first  tests 
made,  the  test  pieces  being  cubical,  it  was  found  that  the 
pieces  sheared  along  planes  extending  diagonally  across  the 
sides  from  one  top  edge  to  the  opposite  lower  edge,  making 
an  angle  of  45°  with  the  horizontal.  This  was  supposed  to 
be  the  angle  of  rupture  and  was  the  same  for  all  materials. 
Later  tests,  however,  proved  that  this  angle  varies,  and  with 
most  materials  is  about  .60°  with  the  horizontal.  It  is  for 
this  reason  that  in  making  compression  tests 

with'  cast  iron,  or  any  other  brittle  material, 
■  the  height  of  the  test  piece  is  made  at  least 
li  times  the  diameter,  or  shortest  side.  These 
test  pieces  are  actually  diminutive  columns  and 
show  the  method  of  failure  of  short  columns. 
Where  the  height  is  not  greater  than  the  least 
dimension,  the  angle  of  rupture  will  be  along 
planes  of  45°  with  the  horizontal,  but  as  the  fig.s 

length  is  increased  in  proportion  to  the  least 
side,  this  aqgle  increases  until  it  reaches  about  60°,  where  it 
remains  the  same.     A  test  piece  of  cast  iron  showing  the 
plane  of  rupture  of  this  material  is  shown  in  Fig.  3. 

5.  Methiod  of  Failure  of  Lonj?  Columns. — Materials 
in  compression  develop  more  strength  if  the  surfaces  are 
true  and  level.  Under  this  condition  the  tendency  is  to 
resist  compression  equally,  and  not  to  crush  in  one  place 
before  the  balance  of  the  material  can  be  brought  under 
compression,  as  would  be  the  case  if  the  bearing  surfaces 
were  uneven  and  rough. 

The  theoretical  column  is  assumed  to  be  hinged  on  a 
knife  edge  so  as  to  be  free  to  bend  sidewise,  as  illustrated  in 
Fig.  4  («).     This  is  never  met  with  in  practice,  the  nearest 


COLUMNS  AND  STRUTS 


§15 


approach  to  it  being  the  compression  members  of  a  pin- 
connected  truss  where  the  pin  is  comparatively  small.  If, 
however,  the  pin  is  large,  the  strength  of  the  column  is 
increased  by  the  friction  existing  in  the  connection.  In  (6)  is 
shown  a  column  with  rounded  ends.  Here  the  results  are 
different  from  those  of  a  knife-edge  column,  because  the  bend- 
ing of  the  column  changes  the  point  of  application  of  the  load 
and  consequently  the  line  of  pressure,  (c)  shows  a  column 
with  flat  ends.  Here  the  column  must  he  considerably 
bent  out  of  line  in  order  to  overcome  the  effect  of  the  flat 
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ends.  This  case  approaches  the  conditions  shown  in  (d) 
where  the  ends  are  held  tight,  and  the  curve  assumed  by  the 
column  is  similar  to  that  of  a  beam  uniformly  loaded  and  fixed 
at  the  ends.  The  portion  considered  as  the  actual  column 
lies  between  the  points  a  and  b,  for  at  these  two  points  the 
bending  moment  changes  sign  and  compression  alone  exists. 
In  (e)  is  shown  a  column  fixed  at  one  end  and  movable  at 
the  other,  the  portion  between  a  and  d  acting  as  the  column. 
The  entire  column  assumes  an  S  shape  under  the  load. 
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COLUMN    FORMULAS 

6.  The  column  formulas  in  general  use  do  not  give 
a  direct  method  of  calculating  the  dimensions  of  a  column 
that  will  safely  support  a  given  load.  The  usual  method  of 
obtaining  these  is  to  assume  values  for  the  dimensions  of  the 
column,  substituting  these  values  in  the  following  formulas 
and  solving  for  the  ultimate  average  compression  ui  of  this 
column.  If  the  assumed  size  gives  a  value  of  Uf  that  is 
satisfactory  for  the  given  conditions,  it  is  correct.  If,  how- 
ever, the  resulting  value  of  u,  is  smaller  than  the  load  per 
square  inch,  the  assumed  size  is  too  small  and  it  will  be 
necessary  to  choose  a  larger  size  and  solve  again.  If,  on 
the  contrary,  the  value  of  u/  is  greater  than  the  load  per 
square  inch  of  column  section,  a  smaller  size  of  column  is 
assumed  and  a  new  value  of  Uf  obtained.  After  a  few  trials, 
a  size  that  gives  a  satisfactory  stress  for  the  given  conditions 
will  be  found. 

The  four  formulas  in  general  use  for  calculating  the 
strength  of  columns  are:  Gordon's  or  Ratikiti's,  Euler's,  the 
straight-line,  and  the  parabolic. 

7.  Gordon's  or  Rankin's  Formula. — This  formula  is 
based  on  the  assumption  that  the  column  is  subjected  to 
three  distinct  stresses:  (1)  a  direct  compressive  stress 
uniform  throughout  the  section  of  the  column;  (2)  a  stress 
due  to  any  slight  eccentricity  of  the  applied  load;  (3)  a 
transverse  stress  created  by  the  initial  deflection  of  the 
column  under  the  action  of  the  applied  load.  Assuming 
these  conditions,  we  have  the  following  rule: 

•  Rule. — T/ie  load,  per  square  inch,  on  any  columti  should  not 
exceed  the  compressive  strength  of  the  material  at  the  elastic 
limit  divided  by  1  plus  a  value  representing  the  eccentricity  of 
the  load  plus  a  value  representing  the  bending  of  the  column. 

This  rule,  is  expressed  by  the  formula 

«.  = ^ TTYi  (1) 

r'        10  E 
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in  which  Uf  =   average    compression,    per    square   inch,    of 
cohimn  section  when  maximum  stress,  per 
square  inch,  equals  elastic  limit  of  material; 
fc  =   elastic  limit  of  material  under  compression; 
£  =  modulus  of  elasticity  of  material; 
/  =   length  of  column,  in  inches; 
r  =  least  radius  of  gyration,  in  inches; 
V  =   eccentric  displacement  of  load; 
c  =   distance  of  center  of  gravity  of  section  from 
extreme  fiber. 
This   formula  is  the  most  rational  of  the  theoretical  for- 
mulas, its  results  giving  a  safe  unit  value  for  the  compressive 
strength  of  the   material.      Its   form,   however,    is  indeter- 
minate, since  the  value  u/  appears  on  both  sides  of  the  equa- 
tion; besides,  the  second  term  of  the  denominator  is  very 
difficult  to  obtain.     In  the  formula  in  general  use,  this  term 
has  been  neglected  and    a   constant  a  substituted  for  the 

value  of  -ttTeT.     Also,  the  ultimate  strength  s  per  square 

inch  of  the  material  in  the  column  is  used  instead  of  fc,  the 
elastic  limit,  the  result  obtained  being  the  ultimate  strength, 
per  square  inch,  of  the  column  section.     Thus, 

in  which  u  =  ultimate  strength,  per  square  inch,  of  column 
section; 
'5  =  ultimate  strength,  per  square  inch,  of  material 

in  column; 
a  =   constant  varying  with  material; 
/  =   length,  in  inches; 
r  =  radius  of  gyration.    . 

8.  Euler's  Formula. — This  formula  is  based  on  the 
assumption  of  an  ideal  column;  that  is,  a  column  that  is  cen- 
trally loaded  and  pivoted  at  the  ends  so  as  to  be  free  to  bend 
sidewise,  and  will  fail  by  compression  and  bending  alone,  no 
eccentric  load  being  taken  into  consideration.  It  also  assumes 
that  the  strength  of  the  column  is  realized  when  the  elastic 
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limit  of  the  material  is  reached.  The  values  given  by  this 
formula  are  correct  only  for  long  columns,  or  columns  whose 
lengths  are  great  in  comparison  with  their  radii  of  gyration. 
Its  general  form  is 


(0- 


in  which  Uf  =   average  compression,  per  square  inch,  of 
column  section; 
E  =   modulus  of  elasticity  of  material; 
/  =   length  of  column,  in  inches; 
r  =   least  radius  of  gyration. 
For   fixed  ends,    the    constant    4    is    introduced    into  the 
numerator,  and  for  one   end  pivoted  and  one  end  fixed,  a 
constant  of  f  is  used. 

9.  Straight-Line  Formula. — This  formula  was  sug- 
gested by  Thos.  H.  Johnson,  C.  E.,  in  1886,  and  was  derived 
by  plotting,  on  squared  paper,  similar  to  that  shown  in  Fig.  7, 
the  values  of  the  breaking  loads  of  columns  of  different  mate- 
rials. From  these  results  the  values  in  the  following 
formula  were  obtained.  It  was  found  that  an  approximately 
straight  line  would  pass  through  the  plottings  of  the  tests 
and  hence  the  name  of  the  formula  is  derived.  The  general 
form  of  this  formula  is 

u  =  a-b-  (4) 

r 

in  which   u  =  ultimate    strength,  ,per    square    inch,    of 
column  section; 
a  =  constant,  representing  strength  of  material 
under  compression,  whose  value  is  deter- 
mined by  test; 
b  =  constant; 

/  =   length  of  column,  in  inches; 
r  =  radius  of  gyration. 
This  formula,  while  fairly  accurate  for  the  general  sizes,  is 

not  good  in  cases  where  -  falls  below  a  certain  value,  which 

r 

varies  for  different  materials  and  will  be  given  later. 
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10.  Parabolic  Formula. — This  formula  is  similar  to 
the  straight-line  formula  in  that  it  is  very  convenient  to  apply 
and  agrees  closely  with  the  actual  tests  on  full-size  columns. 
Its  general  form  is 

«,=/,_  6  ('^y    (5) 

in  which  ui  =  average  compression,  per  square  inch,  of 
column  section; 
/c  =  elastic  limit  for  compression  of   material 

composing  column; 
6  =  constant  determined  by  experiment; 
/  =  length  of  column,  in  inches; 
r  =  radius  of  gyration,  in  inches. 
This  formula  is  also  limited  in  its  application  to  columns 

in  which  the  ratio  of—  does  not  exceed  a  certain  value.    This 
r 

value  is  so  high,  however,  that  it  is  beyond  the  general  prac- 
tice, and  if  a  case  occurs  in  which  the  ratio  of  —  is   greater 

r 

than  the  limit  of  the  parabolic  formula,  the  strength  may  be 
calculated  by  Euler's  formula.  These  limitations  of  the  for- 
mulas are  fully  explained  later. 


TIMBER    COLUMNS  AND    POSTS 

11.  Timber,  although  not  generally  used  in  modern 
buildings,  is  a  valuable  constructive  material  for  columns. 
Timber  columns  or  posts  are  adapted  to  mill  construction, 
owing  to  the  fact  that  they  are  economical  and  when  of  con- 
siderable size  are  not  easily  destroyed  by  fire.  The  kinds  of 
timber  usually  employed  for  this  purpose  are  the  long-leaf 
and  short-leaf  yellow  pines,  white  pine,  red  pine,  white  oak, 
spruce,  hemlock,  cypress,  cedar,  and  redwood.  The  timber 
generally  preferred  is  the  yellow  pine,  the  long-leaf  variety 
being  stronger  and  more  durable  than  the  short-leaf.  The 
disadvantage  of  this  wood  is  that  the  resinous  saj)  makes  it 
rather  more  inflammable  than  the  other  woods. 
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SHOKT    COLUMNS 

12.  The  column  may,  in  its  first  stage  of  development, 
be  considered  a  cubical  or  rectangular  block,  as  shown  in 
Fig.  5.  If  the  length  of  the  column  does  not  exceed  from 
six  to  about  ten  times  the  width  of  the  least  side,  the  load 
it  can  safely  carry  may  be  estimated  by  multiplying  its 
sectional  area,  in  square  inches,  by  the  safe  resistance  to 
compression  of  the  material  parallel  to  the  grain.  To  obtain 
the  safe  resistance  of  a  short  column,  or  block,  divide  the 


Fig.  5 


Fig.  6 


ultimate  resistance  to  compression  of  the  material  parallel 
to  the  grain,  by  the  factor  of  safety,  which,  for  wooden 
columns,  is  from  4  to  5,  though  it  may  be,  in  some  instances, 
good  practice  to  use  6;  it  is  all  a  matter  of  judgment, 
governed  by  the  conditions  to  be  met  with.  After  having 
obtained  the  safe  resistance  of  the  material  to  compression, 
multiply  by  the  sectional  area  of  the  column,  in  square 
inches,  and  the  result  will  be  the  safe  resistance  of  the  short 
column  to  compression. 
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Example. — What  safe  load  will  be  supported  by  a  short  yellow-pine 
block,  12  inches  square  and  6  feet  long,  standing  on  end,  a  safety 
factor  of  5  being  used? 

Solution. — Assuming  that  the  ultimate  compressive  strength  of 
yellow  pine  parallel  to  the  grain,  per  square  inch,  is  5,000  lb.,  with  a 
factor  of  safety  of  5,  the  safe  load,  per  square  inch,  on  this  short 
column  will  be  5,000  4-  5  =  1,000  lb.  per  sq.  in.  The  area  of  the 
column  is  12  in.  X  12  in.  =  144  sq.  in.,  and  therefore  the  safe  resist- 
ance to  compression  of  the  column  =  144  X  1,000  =  144,000  lb.     Ans. 


liONG  COLUMNS 

13.  When  long  columns,  or  those  over  ten  times  the 
width  of  the  smallest  side,  are  under  compression,  and  not 
secured  against  yielding  sidewise,  it  is  evident  that  they  are 
liable  to  bend  before  breaking.  To  ascertain  the  exact  stress 
in  such  pieces  is  sometimes  quite  difficult.  Hence,  we  must 
have  a  formula  making  due  allowance  for  this  tendency  in 
the  column  to  bend,  or  to  split,  and  spread  from  the  center,  as 
shown  in  Fig.  6. 

GORDON'S    FORMULA    TOR    RECTANGULAR    POSTS 

14.  8quai*e-End    Columns. — The    Gordon    formula 

for  the  different  timbers  usually  employed  in  building  con- 
struction is  expressed  in  the  following  equations: 

Southern  yellow  pine,  u^  =  '- — - —  (6) 

1+       ^ 


White  oak,  Us  =  ^ (7) 


1,100  rf= 

I 

1  + 


White  pine  and  spruce,  M^  = (8) 


l,100rf' 
1  + 


hWOcf 

in   which   u,  =  safe  unit  load,  or  safe  bearing  strength  of 
column,    in   pounds    per    square    inch  of 
cross-section; 
/  =  length  of  column,  in  inches; 
d  =  dimension  of  least  side,  in  inches. 
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The  factor  of  safety  varying  from  4  to  5  gives .  results  of 
from  i  the  ultimate  strength  in  the  case  of  small  columns,  to 
T  the  ultimate  strength  in  long  columns.  • 

By  comparing  these  formulas  with  formula  2,  it  will  be 
observed  that  d'  has  been  substituted  for  r".  This  is  done 
for  convenience  in  calculation,  since  the  dimension  of  the 
least  side  is  known,  while  r,  or  the  least  radius  of  gyration, 
would  have  to  be  calculated.  In  making  this  substitution, 
the  constant  a  in  formula  2  does  not  represent  the  same  value 
as  the   constant  of   1,100  given  in  formulas   6,  7,  and  8, 

for,  to  introduce  the  value  of  r'  or  —  as  given  in  Properties 

LA 

of  Sections,  a  different  value  of  a  than  that  in  formula  2  is 
substituted  in  the  denominator. 

Example. — What  will  be  the  safe  compressive  strength  of  a  white- 
oak  post  8  inches  by  10  inches  by  15  feet  long? 

Solution. — In  this  case,  /  equals  15  X  12,  or  180  in.,  and  d  equals 
8  in.     By  substituting  these  values  in  formula  7,  which  gives  tjie  safe 

925 


unit  stress  for  a  white-oak  column,  we  have  Us  = 


1  +  : 


180= 


=  634  lb. 


1,100X8' 

per  sq.  in.     This  result    multiplied    by    the  area  of    cross-section  of 
the  column,  which  is  8  in.  X  10  in.,  equals  634  X  80  =  50,720  lb.    Ans. 


Fio.  7 


15.  Diagram  Chart  for  Safe  Load. — Fig.  7  gives  the 
curves  for  these  formulas  for  the  different  materials,  by 
which  the  values  of  Us,  in  pounds  per  square  inch,  may  be 
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obtained.     These  curves  are  described  by  plotting  the  values 

of  Us  for  corresponding  values  of  —  that  have  been  laid  off  on 

d 

a  horizontal  line.     From  the  points  thus  established,  vertical 

lines   are  drawn,  on  which  are  laid  off,  to  some  convenient 

scale,   vertical  heights  equal  to  the  resulting  values  of  ti^. 

The  use  of  this  chart  is  shown  in  the  following  example: 

To  find  the  value  of  Us  for  any  value  of  -  ,  divide  the  length, 

a 

in  inches,  by  the  smallest  dimension  of  the  column  of  post 
and  find  the  corresponding  value  on  the  line  a  b.  By  follow- 
ing up  the  vertical  line  through  this  point  and  reading  on  the 
vertical  scale,  the  value  of  7is  is  found.     In  the   example  in 

Art.  14,  —  equals  —-  or  222.    The  value  of  u^  corresponding 
d  8 

to  the  value  of  22^  for  white  oak  is  635.,    This  is  very  nearly 

the  same  value  as  that  found  in  the  previous  example,  the 

slight  difference  being  due  to  the  impossibility  of  accurate 

reading  of  the  chart. 

Example. — What  size  square  column  of  white  oak,  18  feet  long, 
will  be  required  to  sustain  30  lens?  ~  ~ 

Solution. — It  will  be  necessary  to  assume  some  size  column  and 
substitute  its  value  in  formula  1,  solving  for  the  safe  strength  of  the 
column;  if  this  equals  or  exceeds  slightly  the  load  to  be  sustained,  the 
assumed  size  is  satisfactory.  Assuming  in  this  case  a  10-in.  square 
column,  and  substituting  the  values  in  formula  7,  the  safe  unit  load 
of  a  white-oak  column  of  the  dimensions  named  is 

^^^  =  649  lb. 


1+        216^ 


1,100X10' 

and  the  entire  safe  load  is  649  X  100  =  64,900  lb.,  which  exceeds  the 
load  of  30  T.  to  be  sustained,  and  the  assumed  size  is  therefore  satis- 
factory.   Ans. 

EXAMPLES    FOR    PRACTICE 

1.  What  is  the  safe  strength  of  a  10"  X  12"  Southern  yellow-pine 
post  20  feet  long?  Ans.  88,560  lb. 

2.  Find  the  size  of  a  square  post  of  white  pine  14  feet  6  inches  long 
required  to  support  a  load  of  20  tons.  Ans.  8^  in. 
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STRAIGHT-LINE    FORMULA 

16.  The  formula  mostly  used  for  long,  square  or  rectan- 
gular wooden  columns,  with  square  ends,  is  the  following, 
deduced  from  elaborate  tests  made  on  full-length  columns 
at  Watertown  arsenal: 


U    =    Sc 


(9) 


,100  d) 

in  which  u  =  ultimate  strength  per  square  inch  of  sectional 
area  of  column; 
Sc  =  ultimate  compressive  strength  of  material  per 

square  inch  parallel  to  grain; 
/  =  length  of  column  in  inches; 
d  —  length  of  least  side  of  column,  in  inches. 

Example. — What  safe  load  will   a   white-pine  column    10   inches 
square  and  20  feet  long,  support,  using  a  factor  of  safety  of  6? 

Solution. — The  ultimate  compressive  strength  of  white  pine  paral- 
lel to  the  grain  is  3,500  lb.  per  sq.  in.     Therefore,  by  substituting  in 

the  formula,  we  have  u  =  3,500  -  rfpQwj^Q  j  =  2,660  lb.,  the  ulti- 
mate bearing  value  of  the  column  per  square  inch.  As  the  factor  of 
safety  required  is  6,  the  safe  bearing  value  per  square  inch  of  sectional 
area  is  2,660  -^  6  =  443J  lb.  The  area  of  the  column  being  100 sq.  in., 
the  safe  load  is  100  X  483^  =  44,333  lb.     Ans. 


PARABOLIC    FORMULAS 

17.  The  parabolic  formulas  for  various  materials  are 
given  as  follows,  in  which  Uf  is  the  same  value  as  defined  in 
Art.  8. 

For  white  pine, 

ur=  2, 500 -.6  {p\'  (10) 

For  short-leaf  yellow  pine, 

Uf  =  3,300-  .7  {^y  (11) 

For  white  oak, 

«.  =  3,500  -  .8  Q'  (12) 
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For  long-leaf  yellow  pine, 

u,  =  A,000  -  .8  (-X  (13) 

\a/ 

These  formulas  apply  to  posts  with  flat  ends  when  the 

value  of  -  is  less  than  60. 
d 

18.  The  following  rules  and  tables  are  based  on  a  system 
of  figuring  recommended  by  the  Department  of  Agriculture, 
Bureau  of  Forestry,  and  on  the  values  of  the  ultimate 
strength  of  timber  recommended  by  the  committee  on 
strength  of  bridges  and  trestle  timbers,  of  the  fifth  annual 
convention  of  the  Association  of  Railway  Superintendents 
of  Bridges  and  Buildings  in  1895. 

The  strength  of  timber  varies  with  the  amount  of  moisture 
it  contains  and  hence  on  its  exposure  to  the  elements.  On 
account  of  this  fact,  the  following  classification  is  made  of 
timber  in  general  use: 

Class  a,  moisture  contents,  18  per  cent.,  is  used  for  struc- 
tures freely  exposed  to  the  weather,  such  as  railway  trestles, 
uncovered  bridges,  etc. 

Class  b,  moisture  contents,  15  per  cent.,  is  used  for  struc- 
tures under  roof  but  without  side  shelter,  freely  exposed  to 
outside  air  but  protected  from  rain,  such  as  roof  trusses  of 
open  shops  and  sheds,  covered  bridges  over  streams,  etc. 

Class  c,  moisture  contents,  12  per  cent.,  is  used  for  struc- 
tures in  buildings  unheated  but  more  or  less  protected  from 
outside  air,  such  as  roof  trusses  or  barns,  enclosed  shops 
and  sheds. 

Class  d,  moisture  contents,  10  per  cent.,  is  used  for  struc- 
tures in  buildings  at  all  times  protected  from  the  outside  air, 
heated  in  winter,  such  as  roof  trusses  in  houses,  halls, 
churches,  etc. 

The  difference  in  strength  due  to  exposure  in  the  above 
classes  of  buildings  is  accounted  for  in  the  factor  of 
safety  used. 

19.  Factor  of  Safety.— Table  I   gives    the    factors   of 

safety  for  these  different  classes  of  structures. 
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TABIiE  I 

FACTOR    OF    SAFETY    TO    BE    USED    WITH    THE 
DIFFERENT     CLASSES 


Classes 

Yellow  Pine 

All  Others 

Class  a  . 

.20 

.20 

Class  b  . 

•23 

.22 

Class  c  . 

.28 

.24 

Class  d . 

•31 

•2S 

20.  A.  L.  Johnson,  Civil  Engineer  in  the  United  States 
Department  of  Agriculture,  Division  of  Forestry,  suggests 
the  following  formula: 

^  700  +  \bg  (j^y 

'^  700 +  15^  +  ^  ^-^^^ 

in  which  u  =  ultimate  strength  of  post,  in  pounds  per  square 
inch; 
Sc  =  ultimate    crushing    strength    of    material,    in 
pounds  per  square  inch; 
/ 

Example. — Apply  this  formula  to  the  example  given  in  Art.  16. 

20  X  12 


10 

700  +  15  X  24 


24.     Substituting  in  for- 
=  2,267.7  lb.    This,  divided 


Solution. — In  this   case,  g 

mula  14,  «  =  3,500X^00  ^^5  ^24 +  24' 
by  6,  the  factor  of  safety,  gives  a  safe  bearing  value  per  square  inch 
of  sectional  area  of  2,268  h-  6  =  378  lb.  The  area  of  the  column  being 
100 sq.  in.,  the  safe  load  is  100  X  378  =  37,800  lb.  This  is  less  than 
the  result  given  by  the  formula  in  Art.  16,  but  it  is  reliable,  and  goes 
to  show  the  variation  in  different  formulas. 

21.  Table  II  gives  values  of  u  for  various  values  of  g. 
Its  use  greatly  shortens  the  work,  as  it  is  only  necessary  to 
find  g  for  any  desired  column.  The  table  is  divided  into 
five  classes: 

Class   A   includes    all   woods   whose    ultimate    crushing 
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TABLE    II 
ULTIMATE     STRENGTH    PER    SQUARE    INCH    FOR    TIMBER 

POSTS 


Value 

/ 

Class  A 

Class  B 

Class  C 

Class  n 

Class  E 

^  =  d 

So  =  3,500 

Sc  =  4,000 

So  =  4.500 

Sc  =  3.000 

Se  =  6,000 

2 

3,481 

3,978 

4,475 

4,973 

5,967 

3 

3,458 

3,952 

4,446 

4,940 

5,928 

4 

3,428 

3,918 

4,407 

4,897 

5,876 

5 

3,391 

3,875 

4,359 

4,844 

5,813 

6 

3,347 

3,826 

4,304 

4,782 

5,739 

7 

3,299 

3,770 

4,242 

4,713 

5,656 

8 

3.247 

3,710 

4,174 

4,638 

5,566 

9 

3,190 

3,646 

4,ro2 

4,558 

5,469 

lO 

3,132 

3,579 

4,026 

4.474 

5,368 

II 

3,070 

3,509 

3,948 

4,386 

5,264 

12 

3,008 

3,438 

3,867 

4,297 

5,156 

13 

2,944 

3,365 

3,785 

4,206 

5,047 

14 

2,880 

3,291 

3,703 

4,114 

4,937 

15 

2,81-5 

3,217 

3,620 

4,022 

4,826 

i6 

2,751 

3,144 

3,537 

3,930 

4,716 

17 

2,687 

3,071 

3,455 

3,838 

4,606 

i8 

2,624 

2,998 

3,373 

3,748 

4,498 

19 

2,561 

2,927 

3,293 

3,659 

4,391 

20 

2,500 

2,857 

3,214 

3,571 

4,286 

21 

2,440 

2,788 

3,137 

3,486 

4,183 

22 

^,381 

2,721 

3,061 

3,402 

4,082 

23 

2,324 

2,656 

2,988 

3,320 

3,983 

24 

2,268 

2,592 

2,916 

3,240 

3,888 

25 

2,213 

2,529 

2,846 

3,162 

3,794 

26 

2,160 

2,469 

2,777 

3,086 

3,703 

27 

2,109 

z,4io 

2,711 

3,013 

3,615 

28 

2,059 

2,353 

2,647 

2,941 

3,529 

29 

2,010 

2,298 

2,585 

2,872 

3,446 

3Q 

1-963 

2,244 

2,524 

2,805 

3,366 

32 

1,874 

2,142 

2,409 

2,677 

3,212 

34 

1,790 

2,046 

2,301 

2,557 

3,068 

36 

1,711 

1,956 

i:,200 

2,445 

2,934 

38 

1,638 

1,872 

2,106 

2,340 

2,808 

40 

1,569 

i,793 

2,017 

2,241 

2,690 

42 

1,505 

1,719 

1,934 

i!,i49 

2,579 

44 

1,444 

1,650 

1,857 

2,063 

2,476 

46 

1,388 

1,586 

1,784 

1,982 

2,379 

48 

1,335 

i,525 

1,716 

1,907 

2,288 

50 

1,285 

1,468 

1,652 

1,835 

2,203 
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strength  Sc  is  3,500  pounds  per  square  inch,  white  pine  being 
the  most  common  wood  of  this  strength. 

Class  B  includes  all  woods  whose  ultimate  crushing 
strength  is  4,000  pounds  per  square  inch,  such  as  Northern 
or  short-leaf  yellow  pine,  red  pine,  Norway  pine,  spruce  and 
Eastern  pine,  hemlock,  cypress,  cedar,  California  redwood, 
and  California  spruce. 

Class  C  represents  white  oak,  its  strength  being  4,500 
pounds  per  square  inch. 

Class  D  includes  those  woods  whose  strength  per  square 
inch  is  5,000  pounds,  such  as  Southern  long-leaf  or  Georgia 
yellow  pine,  Canadian  (Ottawa)  white  pine,  and  Canadian 
(Ontario)  red  pine. 

Class  E  includes  such  woods  as  Douglas,  Oregon,  and 
Washington  yellow  pine,  or  pine  whose  strength  per  square 
inch  is  6,000  pounds. 

To  solve  the  example  in  Art.  20  by  means  of  Table  II, 
find  the  given  value  of  £■  in  the  table,  then  take  the  number 
opposite  it,  in  the  column  headed  Class  A.  The  value  of  £■ 
being  24,  the  corresponding  value  of  u  is  found  to  be  2,268, 
which  is  the  result  of  the  preceding  calculations.  The  rest  of 
the  calculation  for  finding  the  safe  load  is  the  same  as  that 
in  Art.  20. 

22.  Actual  tests  of  posts  made  up  of  three  pieces  bolted 
and  keyed  together  show  that,  by  the  combination,  their  ulti- 
mate strength  per  square  inch  is  not  materially  increased 
over  the  strength  of  the  three  separate  pieces.  In  other 
words,  the  strength  per  square  inch  of  three  4"  X  12"  joists 
bolted  together,  making  a  12"  X  12"  built-up  column,  is  not 
more  than  three  times  that  of  a  column  consisting  of  a  4"  X  12" 
joist,  and  the  strength  per  square  inch  of  the  former  is  not 
as  great  as  that  of  a  solid  12"  X  12"  column. 

Example.— What  is  the  difference  in  strength  between  three 
4"  X  12"  spruce  joists  bolted  and  keyed  together  as  a  column  and  a 
12"  X  12"  timber,  both  being  16  feet  long? 

16  X  12 
Solution. — In  the  first  case,  ^  =  — - —  =  48,  and  by  Table  11, 

»  =  1,525,  the  ultimate  strength  per  square  inch  for  this  ratio  of  /  to  d. 
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Multiplying  u  by  the   area  of  the   three   joists,  we   have  1,525  X  144 

=  219,600  lb.,  the  ultimate  breaking  load  of  the  three  pieces  bolted 

together. 

16  X  12 
For  the  solid  timber,  g  =  —jx —  =  16,  and  by  Table  II,  u  =  3,144. 

Multiplying  this  value  of  m  by  the  area,  vpe  get3,144  X  144  =  452,7361b., 
making  a  difference  of  452,736  -  219,600  =  233,136  lb. 

The  12"  X  12"  timber  is  therefore  more  than  twice  as  strong  as  the 
three  pieces  bolted  together,  although  the  latter  contain  just  as  much 
timber.    Ans.  

METHOD    OF    SECURIISTG    POSTS    IN    BUILDINGS 
23.     Column  Bases. — Posts  are  usually  supported  by  a 
separate  cast-iron  or  structural  steel  base   set  in  Portland 
cement.    The  practice  of  anchoring  the  base  to  the  foundation 


(b)  (^) 

Fig.  8 

is  generally  given  up  in  modern  work,  except  in  buildings 
where  the  former  is  likely  to  be  displaced  by  carts,  trucks,  etc. 
Fig.  8  [a)  shows  the  simplest  form  of  cast-iron  base  that 
can  be  used.  The  short  pin  at  the  center  is  for  the  purpose 
of  centering  the  column  and  holding  it  in  place.  In  {b),  the 
column  is  held  in  position  by  a  projecting  flange  a  cast  on 
■the  base;  this  is  usually  made  a  tight  fit  for  the  post,  which 
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is  slipped  into  it.  These  designs  are  only  adaptable  to  cases 
in  which  light  loads  are  supported  by  the  posts,  as  their  con- 
struction is  weak.  When  a  column  is  heavily  loaded,  such  a 
base  as  shown  in  (c)  or  (d)  is  adopted.  The  one  shown  in 
(c)  is  of  cast  iron  and  is  strengthened  by  webs  and  stifiEeners. 
The  base  is  made  somewhat  smaller  than  the  column,  which 
is  cut  away  at  the  end  and  slipped  into  it.  That  shown  in  (d) 
is  made  of  four  angles  riveted  to  the  base  plate,  and  is  known 
as  the  Van  Dorn  base.  This  has  the  disadvantage  of  being 
more  expensive  than  the  others,  being  a  patented  shape. 

24.  Coluinn  Caps. — The  principal  styles  of  column 
caps  are  shown  in  Fig.  9.  The  cap  shown  in  {a)  has  the 
advantage  of  cheapness,  but  is  poor  on  account  of  the 
absence  of  a  socket  or  guide  of  any  sort  to  hold  the  upper 
column.  It  may,  however,  have  a  pin,  such  as  is  shown  in 
Fig.  8  (a),  cast  on  it.  The  cap  shown  in  {b)  has  the 
advantage  that  a  bolt  may  be  put  through  the  lower  end 
of  the  upper  post  a  at  i^  to  hold  both  upper  and  lower 
posts  in  line,  in  case  the  beams  c,  c  should  be  burned 
away  or  broken.  The  two  bolts  at  the  sides  go  through 
the  beams  and  hold  them  in  place,  thus  strengthening  the 
building  laterally. 

In  {c)  and  {d)  are  shown  two  forms  of  cast-iron  caps  in 
which  both  the  upper  and  lower  columns  are  held  in  place  by 
through  bolts,  which  make  a  rigid  connection  independent  of 
the  beams.  The  first,  (c),  has  a  cast-iron  ridge  a  at  each 
end  across  the  bed  of  the  cap,  which  is  let  into  a  slot  cut  in 
the  beam,  and  assists  in  holding  the  beam  in  place.  In  the 
other,  {d),  pins  are  cast  on  the  bed  of  the  cap.  The  special 
advantage  of  these  designs  is  that  the  beam  can  burn  away 
and  fall  without  danger  of  tearing  out  the  column  base. 

The  cap  shown  in  {e)  is  recommended  by  the  Boston  Fire 
Insurance  Company,  and  has  pins  on  top  and  bottom  that  fit 
into  holes  bored  in  the  ends  of  the  posts,  as  in  Fig.  8  («). 
This  cap  possesses  the  advantage  that  the  load  from  the 
beams  may  be  brought  directly  over  the  post.  The  girders 
are  usually  made  of  two  joists,  placed  one  on  either  side  of 


Fig.  9 
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the  vertical  web  b  and  bolted  to  it,  while  these  cross-webs 
transmit  the  load  from  column  to  column. 

The  column  cap  shown  in  (/)  is  modeled  after  the  Goetz- 
Mitchell  style  shown  in  {c)  and  {d) ,  and  embodies  the 
advantages  of  that  form  of  cap.  It  is  especially  designed  for 
flitch-plate  girders,  the  flitch  plate  being  kept  back  at  the  end 
enough  to  allow  the  two  beams  to  slip  in  beside  the  vertical 
web  c.  Provisions  may  be  made  for  bolting  the  side  beams 
to  the  vertical  web  c,  making  a  very  rigid  connection.  In 
this  case  the  rib  d  might  be  omitted,  although  by  its  use 
additional  rigidity  is  secured,  as  the  liability  of  the  web  c  to 
shear  opposite  the  bolt  holes  is  overcome  by  the  rib,  which 
tends  to  prevent  any  lateral  movement.  The  rib  d  is  notched 
at  the  center  to  allow  the  flitch  plate  to  pass  through,  while 
the  wooden  beams  are  notched  to  fit  over  the  rib  d.  A 
flitch-plate  girder  will,  in  case  of  fire,  burn  on  the  outside 
and  form  a  charcoal  covering  for  the  flitch  plate,  thus  pro- 
tecting it  from  fire,  and  the  flitch  plate  being  protected,  will 
in  turn  hold  up  the  beam. 

The  style  of  column  cap  shown  in  (g)  is  made  up  of 
wrought-iron  plates  and  is  secured  to  the  lower  column  by 
means  of  spikes  driven  through  holes  in  the  flange  /  at  the 
base.  In  (z)  is  shown  the  same  cap  with  brackets  for  sup- 
porting four  beams  instead  of  two.  In  {h)  and  (y)  are 
shown  two  forms  of  cast-iron  caps  to  be  used  where  four 
beams  are  supported  by  the  same  column. 

The  form  shown  in  {k)  has  many  advantages.  Here  the 
side  plate  a  is  removed  from  its  true  position,  as  indicated 
by  the  dotted  lines,  in  order  to  show  the  shape  of  the  post 
and  beams  at  the  joint.  The  side  plates  a  and  d  are  secured 
to  the  base  plates  b  and  c  by  means  of  long  and  short  bolts  e 
and  /,  respectively,  while  long  bolts  extend  through  the 
column,  thus  tying  the  side  plates  securely  to  it.  Like  those 
in  views  {g)  and  (z),  this  cap  is  made  up  of  plates  and  angles, 
but  has  the  advantage  that  it  can  be  easily  taken  apart,  and  is 
the  only  cap  that  may  be  used  with  a  continuous  column,  as 
by  its  use  columns  may  be  extended  through  two  or  even 
three  stories. 
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All  these  caps  are  designed  for  buildings  where  wooden 
^girders  are  used.  Sometimes,  however,  it  is  desirable  to 
use  wooden  columns  and  steel  girders  on  which  the  wooden 
beams  are  supported.  This  requires  a  slight  variation  in  the 
caps,  and  although  a  number  of  these  designs  may  be  changed 
sufficiently  to  accommodate  steel  beams,  the  problem  may 
be  solved  by  using  such  a  cap  as  is  shown  in  (/).  This  cap 
consists  of  a  cast-iron  plate  a  made  with  a  recess  into  which 
the  top  of  the  lower  column  is  inserted.  The  upper  side 
of  the  cap  is  designed  with  a  lip  on  either  side,  between  which 
the  two  steel  beams  forming  the  box  girder  are  placed,  thus 
keeping  them  from  sliding  o££  the  column.  The  steel  beams 
are  connected  by  a  special  form  of  separator  b,  which  extends 
through  to  the  next  pair  of  beams,  thus  tying  the  two  pairs 
firmly  together.  On  this  joint  rests  a  cap  c,  similar  to  a, 
placed  in  the  reverse  position  and  extending  over  the  sides 
of  the  beams,  which  supports  the  upper  column.  Since  the 
ends  of  the  beams  form  a  portion  of  the  column,  the 
separator  b  should  be  a  snug  fit  so  as  to  relieve  the  beams 
of  compression  and  transmit  the  stress  from  the  upper  to  the 
lower  flanges. 

The  caps  shown  in  {c) ,  (d),  (e) ,  (k),  and  (/)  are  known 
as  Goeiz  caps;  those  shown  in  (g-)  and  (z)  are  the  Van  Dorn 
patents;  and  {k)  is  known  as  the  duplex  cap.  These  styles 
of  caps  are  patented  and  cannot  be  used  without  paying  a 
royalty  to  the  patentees. 

25.  It  is  a  common  practice,  in  using  wooden  columns, 
to  bore  a  1-inch  or  a  li-inch  hole  the  full  length  of  the  column 
through  the  center,  in  order  to  ventilate  the  interior  and 
prevent  dry  rot.  For  the  same  reason  a  hole  is  often  left 
through  the  cap  or  base  in  order  to  give  ventilation  to  the 
ends  of  the  column.  Such  construction  is  shown  in  the  caps 
in  Fig.  9  (c)  and  (rf),  and  in  the  base.  Fig.  8  (5).  A 
further  advantage  of  this  is  that  no  water  can  collect  and 
stand  at  the  base  of  the  column. 
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CAST-IRON  COLUMNS 

26.  Cast-iron  columns  are  most  frequently  used  in 
buildings  of  moderate  height,  but  have  been  used,  in  some 
cases,  in  buildings  of  sixteen,  and  even  more,  stories. 
The  best  practice  has,  during  the  last  few  years,  so 
uniformly  declared  in  favor  of  steel  columns  that  the 
employment  of  cast  iron  is  now  generally  confined  to 
buildings  of  ordinary  height,  say  four  or  five  stories, 
or  to  special  cases,  where  advantages  are  to  be  gained 
in  the  use,  for  instance,  of  a  number  of  ornamental  cast- 
iron  columns. 

The  uncertain  strength  of  cast  iron  has  compelled  the 
adoption  of  a  very  low  unit  stress  per  square  inch;  in  other 
words,  a  very  high  factor  of  safety.  The  uniform  strength 
of  structural  steel  is,  on  the  other  hand,  so  well  understood 
that  cast  iron,  for  columns,  and  especially  girders,  is  falling 
into  disuse.  Considerations  of  economy  may,  however,  in 
some  cases,  still  justify  its  employment.  But,  though  cast- 
iron  columns  are  cheaper  per  pound  and  perhaps  easier  to 
erect  than  steel,  the  declining  price  of  structural  steel  is 
removing  this  advantage  of  cast  iron. 

27.  Objections  to  Use  of  Cast-iron  Colnmns. — One 

disadvantage  in  the  use  of  cast-iron  columns  is  that  when 
fracture  occurs,  it  comes  without  warning.  In  high  build- 
ings, erected  entirely  upon  cast-iron  columns,  the  danger 
from  wind  pressure  is  very  much  increased  on  account 
of  lack  of  stififness  in  the  joints  of  the  connections  at 
the  several  floors.  In  fact,  buildings  have  been  blown 
10  inches  out  of  plumb,  owing  to .  this  lack  of  rigidity  in 
the  connections. 

One  of  the  greatest  objections  to  the  use  of  cast-iron 
columns  is  that  they  are  liable  to  be  broken  by  sudden  con- 
traction, due  to  water  being  played  on  them  in  case  of  fire. 


26  COLUMNS  AND  STRUTS  §15 

This  objection,  while  held  by  many  engineers,  cannot  be  said 
to  agree  with  practice,  for  there  are  many  cases  of  buildings 
destroyed  by  fire  in  which  the  beams  and  girders  have  been 
bent  and  twisted,  while  the  columns  have  stood  the  heat 
remarkably  well.  The  strength  of  the  columns  that  have 
stood  the  test  is  very  uncertain,  and  every  precaution  should 
be  taken  to  test  them  after  a  fire. 


FOKMUIiAS  FOB  CAST-IRON  COLUMNS 

28.  The  uncertain  strength  of  cast  iron  gives  rise  to  a 
number  of  formulas  and  rules  for  calculating  the  strength  of 
columns  made  of  this  material.  The  only  method  of  testing 
these  formulas  is  to  compare  their  results  with  those  of 
actual  tests.  Unfortunately,  these  tests  are  very  few  in 
number,  but  they  serve  as  the  basis  of  calculation,  and 
are  undoubtedly  more  reliable  than  the  theoretical  con- 
ditions. The  formulas  for  cast-iron  columns  are  usually 
such  that  they  may  be  applied  to  long  and  short  columns, 
with  the  exception  of  the  straight-line  formulas,  whose 
results  for  long  columns  are  too  high. 


GORDON'S    FORMULA 

29.  The  strength  of  a  cast-iron  column  with  square  ends 
may  be  calculated  by  the  following  rule: 

Rule. — To  find  the  ultimate  strength  per  square  inch  ol  sec- 
tional area  of  a  cast-iron  column  with  square  ends,  divide  the 
ultimate  compressive  strength  per  square  inch  of  the  material 
composing  the  column  by  1  plus  the  quotient  obtained  by 
dividing  the  square  of  the  length  of  the  column,  in  inches, 
by  3,600  times  the  square  of  the  radius  of  gyration  of  the 
section  of  the  column. 

This  rule  is  expressed  by  the  formula 

u  =  ^  (15) 

1  +  — i — 
3,600  r" 
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in  which  u  =  ultimate  strength  per  square  inch    of  column 
section; 
Sc  —  ultimate  compressive  strength  per  square  inch 
of  material  composing  column  (for  cast  iron 
Sc  may  be  taken  as  80,000); 
/  =  length  of  column,  in  inches; 
r'  =  square  of  least  radius  of  gyration. 

Example. — Find  the  proper  working  load  for  a  10-inch,  square,  cast- 
iron  column,  20  feet  long,  using  a  factor  of  safety  of  6,  the  thickness  of 
the  metal  being  1  inch. 

Solution. — The  ultimate  compressive  strength  Sc  of  cast  iron,  per 
square  inch,  is  80,000  lb.,  the  length  /  =  20  X  12  =  240  in.;  and  r'  for 

a  hollow,  square,  rectangular  column  is  —      '  ,  in  which  a  is  the 

length,  in   inches,  of  one  side  measured  outside  and  a,,  the  length  of 

1Q2      1      Q2 

same  side  measured  inside  of  column.    Therefore,  r"  =  — r^ —  =  13.6. 


Substituting  these  values  in  formula  15,  we  have 
=          ^'  =  80,000  ^  80,000 

"  ~     _^ ^_  ~  1    .  240''         ~    2.18 


=  36,706  lb.. 


3,600  r''  '  3,600  X  13.6 

the  breaking  strength  of  the  column  in  pounds  per  square  inch  of  sec- 
tion. With  a  factor  of  safety  of  6,  the  safe  bearing  value  of  the  col- 
umn is  36,706  -h  6  =  6,118  lb.  per  sq.  in.  The  net  area  of  the  section 
of  the  column  is  10'  -  8"  =  100  -  64  =  36  sq.  in.  The  entire  load  that 
it  will  support  with  safety  is  therefore  36  X  6,118  =  220,248  lb.    Ans. 

30.  Formula  15  may  be  replaced  by  formula  16. 
Though  the  latter  is  not  as  general  in  its  application,  it  is 
more  convenient  in  form  and  may  be  applied  to  the  usual 
sections  of  cast-iron  columns. 

80,000 


r 


(16) 


in  which  u  =  ultimate  strength  per  square  inch  of  sectional 
area; 
d  =  least   outside   dimension    of    the    column,    in 

inches; 
/   =  length  of  column,  in  inches; 
a  =  value  taken  from  Table  III. 
This  may  be  expressed  by  the  following  rule: 
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Rule. — To  find  the  ultimate  strength  per  square  inch  of  sec- 
tional ar^ea  of  a  cast-iron  column,  divide  80,000  by  1  plus  the 
product  of  a  constant  and  the  quotient  obtained  by  dividing  the 
square  of  the  length,  in  inches,  by  the  square  of  the  least 
dimension  of  the  column,   in   inches. 

TABLE  III 

VALUE    or    a    FOR    DIFFERENT    BEARINGS 


Cylindrical  Columns 

Rectangular  Columns 

Square 
Bearing 

Pin  and 
Square 
Bearing 

Pin 
Bearing 

Square 
Bearing 

Pin  and 
Square 
Bearing 

Pin 
Bearing 

I 

3 
i,6oo 

I 
400 

3 
3,200 

9 
6,400 

3 

8oo 

1,600 

In  Table  III,  the  values  given  in  the  second  column  are 
for  columns  in  square  bearing  on  one  end  and  pin  bearing 
on  the  other  end. 

ExAMPLB. — Required,  the  ultimate  strength,  per  square  inch  of 
section,  of  a  square-ended,  round,  hollow  column  15  feet  10  inches 
long,  whose  outside  diameter  is  15  inches,  the  average  thickness 
of  the  metal  being  1  inch. 

Solution. — According  to  Table  III,  the  value  of  a  for  a  cylindrical 
column  with  square  bearing  is  1^.  The  value  of  /  in  this  case  is 
equal  to  15  X  12  +  10,  or  190,  and  d  equals  15. 

Substituting  these  values  in  formula  16,  we  have 

"^'"^        =66,666  lb.     Ans. 


1  + 


190^ 


800  X  15" 


31.  Comparison  of  Building  Laws. — The  value  of 
the  constant  a  varies  according  to  the  several  building  laws 
of  New  York,  Chicago,  and  Boston,  as  shown  in  Table  IV, 
which  gives  the  formulas  for  obtaining  the  safe  unit  strength 
u,  of  columns.  These  formulas  embody  their  own  factors 
of  safety,  which  vary  in  the  different  cities,  as  mentioned 
in  Art.  34. 


:15 


COLUMNS  AND  STRUTS 


29 


TABLE  IV 

FORMULAS    FOB     FINDING      THE    VALUE    Us    FOR     COLUMNS 


Cylindrical  Columns 


Rectangrular  Columns 


New  York 
Old  Law 


Chicago 


Boston 


New  York 
Old  Law 


Chicago 


Boston 


16,000 


16,000 


lo.ooo 


1  + 


400  a?" 


1  + 


600  d' 


1  + 


800  of'^ 


1  + 


500  rf'' 


1  + 


Sood' 


1  + 


P 


i,o66rf» 


STRAIGHT-LINE    FORMULAS 

32.  It  has  been  demonstrated  lately  that  the  results  of 
the  formula  of  the  New  York  building  laws,  as  given  in 
Table  IV,  were  entirely  too  high.  In  the  revised  copy  of 
these  laws,  this  formula  has  been  discarded  and  the  one  follow- 
ing is  recommended,  which  embodies  its  own  factor  of  safety. 
The  results  given,  however,  are  rather  large,  as  will  be  seen 
in  the  comparison  later. 

Rule. — Tfie  safe  load  per  square  inch  of  a  cast-iron  column  may 
be  obtained  by  subtracting  thirty  times  the  ratio  of  the  length, 
in  inches,  to  the  radius  of  gyration,  in  inches,  from  11,300. 

This  rule  is  expressed  by  the  formula 

/ 


«.  =  11,300  -30- 


(17) 


in  which  «,  =  safe  strength,  in  pounds,  per  square  inch  of 
sectional  area; 
/  =  length  of  column,  in  inches; 
r  =  radius  of  gyration,  in  inches. 

Example. — What  will  be  the  allowable  load  per  square  inch  on  the 

column  in  the  example  in  Art.  30,  according  to  the  new  formula  of 

the  New  York  building  laws? 

^25''  4-  13* 
Solution.— The  radius  of  gyration  equals =  4.9623; 


hence, 


11,300  -  ^^^  =  10,151  lb.    Ans. 
4.90 
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EUIiEK'S    AND    THJE    PAKABOLIC    FORMULAS 

33.     The  following    examples    show  the    application   of 
these  formulas  to  cast-iron  columns: 

For  pin-bearing  columns,  when  -  is  less  than  70, 

r 

7^  =  60,000  - —(-V  (18) 

For  pin-bearing  columns,  when  -  is  greater  than  70, 

r 

144,000,000  /-,Q^ 

For  square-bearing  columns,  when  -  is  less  than  120, 

r 

u  =  60,000 -^/^-V  (20) 

For  square-bearing  columns,  when  -  is  more  than  120, 

r 

400,000,000  icy-.. 

in  which  u  =  ultimate  strength,  in  pounds  per  square  inch, 
of  sectional  area; 
/  =  length  of  column,  in  inches; 
r  =  radius  of  gyration,  in  inches. 

Example.— Apply    this    formula    to    the  column  specified  in   the 
example  in  Art.  30. 

Solution.— The  radius  of  gyration  found  is  4.96  and  the  length  is 
190  in.;  then,  since 

9      /i90\'^9       36400_ 
4  ^  {^mJ        4  ^  24.6016  ~  '^''^'^'■■^ 
u  =  60,000  -  3,301.6  =  56,698  lb.    Ans. 


EXAMPLES    FOR    PRACTICE 

1.  Compare  the  results  of  the  parabolic  and  the  second  form 
of  Gordon's  formula,  for  the  ultimate  unit  strength  of  a  cast-iron 
column   whose    length   is    10   feet    and   whose    outside    diameter   is 
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10    inches,    with    a    uniform    thickness    o£    1   inch,    and    with   flat   or 
square-bearing  ends.  .        /By  parabohc  formula,  56,839  lb. 

'^"'^•iBy  Gordon's  formula,  67,796  lb. 
2.     Compare  the  results  of  the  same  formulas  for  pin-bearing  ends. 

A       /By  parabolic  formula,  51,220  lb. 
■^°^-\By  Gordon's  formula,  58,823  lb. 


34.  Factor  of  Safety. — In  cast-iron  columns  a  generous 
factor  of  safety  should  be  used.  The  old  New  York  build- 
ing laws  required  a  factor  of  safety  of  5,  while  the  new  laws 
embody  their  own  factor  of  safety.  With  formula  15,  a 
factor  of  safety  of  6  or  7  may  be  used,  but  in  Boston  and 
Chicago  8  is  required. 

35.  For  convenience  of  comparison,  a  list  is  given  below 
of  the  results  of  the  above  formulas  for  the  column  mentioned 
in  the  example  in  Art.  30,  by  which  the  student  may  judge 
how  near  these  come  to  the  actual  results. 


Unit  Breaking 

Unit  Allowable 

Load.  Pounds 

Load.  Pounds 

PER  Square 

PER  Square 

Inch 

Inch 

By  formula  15   .  .  . 

56,858  --  7 

8,123 

By  Boston  building  laws  . 

66,664  H-  8 

8,333 

Chicago  building  laws 

63,136  -  8 

7,892 

New   York   building   laws 

(old) 

57,100  -  5 

11,420 

New   York   building   laws 

(new) 

10,151 

By  parabolic  formula   . 

56,698 

By  test,  average  results  .  . 

30,000 

This  shows  that,  while  in  Boston  a  safety  factor  of  8  is 
allowed,  the  actual  factor  of  safety  is  hardly  4,  considering 
the  average  result  of  the  tests,  and  in  New  York  the. actual 
factor  of  safety  is  only  3.  Great  care  should,  therefore,  be 
taken  in  the  use  of  cast-iron  columns,  as  the  results  of  the 
preceding  formulas  and  tests  show. 
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^   f 


(a) 


DESIGN  or  CAST-IBON  COIiUMMS 

36.  General  Remarks. — In  designing  a  column,  to 
insure  a  good  casting,  no  part  should  be  made  less  than 
4  inch  thick.  It  is  considered  poor  designing  to  make  one 
part  or  section  considerably  thicker  than  an  adjacent  section, 

on  account  of  the  liability  of 
the  thinner  parts  to  cool  more 
quickly  than  the  thick  parts 
and  break  away  from  them. 
1  Even  if  they  do  not  break 
*'  apart  in  casting,   the  metal, 

W  especially    if    in    tension,    is 

very  liable  to  crack  after  the 
column  is  in  place.  Therefore,  when  it  is  found  necessary 
to  thicken  a  portion  of  a  column,  the  increase  in  thickness 
should  be  gradual. 

Cast  iron,  in  cooling  in  the  mold,  forms  a  fiber  that  runs 
perpendicular  to  the  surface.  When  a  corner  is  made  as 
shown  in  Fig.  10  (a),  the  metal  is  very  liable  to  crack  off; 
for  this  reason  the  corner  should  have  a  generous  curve  con- 
necting the  surfaces,  as  in  Fig.  10  {l>).  This  curve  is  called 
a  /tl/ei  and  should  have  a  radius  of  at  least  i  or  f  inch. 

37.  In  casting  columns,  it  is  necessary  to  use  a  core  or 
cylinder  made  to  the  inside  diameter  of  the  column  and  com- 
posed of  sand,  flour,  and  water.     After  being  molded  in  a 


Fig.  10 


Pig.  11 


core  box,  it  is  taken  out  and  baked  in  an  oven  prepared  for 
that  purpose.  The  core,  being  relatively  light,  tends  to 
float  on  the  surface  of  the  molten  iron,  and  if  the  column  is 
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cast  on  its  side,  means  must  be  taken  to  prevent  the  core 
from  rising  and  approaching  too  close  to  the  top  side  of  the 
column,  as  shown  in  Fig.  11.  The  dotted  lines  represent 
the  true  position  of  the  core  before  the  iron  was  poured  in. 
The  full  lines  show  the  position  of  the  core  bent  by  its 
buoyancy,  making  the  top  side  of  the  column  ^  - 
thinner  than  the  bottom.  The  dirt  and  air  f  ) 
caught  in  the  mold  float  on  the  molten  iron  and 
form  blowholes  and  sand  spots  on  the  top  side 
of  the  column.  To  avoid  these  blowholes  a 
small  wire  rod  is  forced  through  the  sand  mold 
at  intervals,  making  air  vents  by  which  the 
gases  may  escape. 

There  are  two  ways  of  avoiding  the  dis- 
placement of  the  core:  (1)  If  the  column  is 
cast  in  a  horizontal  position,  the  core  must  be 
held  firmly  in  its  position.  (2)  The  best 
method,  however,  of  casting  a  cylinder  is  by 
standing  it  on  end  and  admitting  the  molten 
metal  from  the  bottom.  In  this  way  the  core  is 
kept  in  a  central  position,  with  respect  to  the 
column,  and  any  dirt  or  sand  that  may  have 
been  displaced  is  floated  up  on  top  of  the 
metal,  thus  making  a  sounder  casting.  This 
method,  while  very  useful  in  casting  pipe  and 
engine  cylinders,  cannot,  however,  be  used  in 
casting  columns  of  any  considerable  length 
because  the  mold  will  not  stand  the  great  pres- 
sure due  to  the  head  of  metal. 

38.      Sections     of     Cast-iron    Columns. 

The   usual    sections    of    cast-iron    columns   are 
shown  in  Fig.  12.     The  solid  column  (a)  is  not  (f) 

very  much  used  except  when  the  columns  are         Fig.  12 
short,    or  in  unimportant  work    where    light   loads    are    to 
be   sustained.      They  may,  however,  be  employed  to  hold 
up    balconies,    as    in    a    theater,    when    it    is    necessary    to 
obtain   the   required   strength   with    the    least    obstruction 
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to  view.  It  is  much  more  economical  to  use  a  hollow 
cylindrical  column  (b) ,  because  the  same  amount  of  material 
as  in  a  solid  column,  when  spread  into  a  hollow  cylinder, 
will  sustain  a  much  greater  load.  In  (c)  is  shown  a 
rectangular  or  box  column;  the  sides  may  be  equal  or 
unequal.  When  unequal,  the  value  of  d,  or  length  of  a  side, 
is  always  taken  as  the  shortest  side  and  the  value  of  r,  or 
radius  of  gyration,  is  figured  for  the  smallest  value  of  d.  This 
section  is  almost  as  eificient  for  the  same  amount  of  material 
as  the  one  shown  in  {b) ,  with  the  advantage  of  being  better 
adapted  for  forming  beam  connections.  In  (d)  is  shown  the 
H  section,  which  is  very  useful,  especially  in  walls  where  it 
may  be  easily  built  into  the  masonry  and  in  this  way  be 
thoroughly  protected  from  fire.  It  has  the  advantage  that 
all  surfaces  are  exposed  and  open  to  inspection,  so  that  bad 
spots  may  be  easily  detected  and  the  nature  of  the  casting 
known.  All  surfaces  may  be  painted  and  protected  from 
rust.  Also,  on  account  of  its  shape,  it  is  much  more  easily 
cast,  no  core  being  required.  It  has,  however,  the  disadvan- 
tage of  being  an  uneconomical  section.  In  {e)  is  shown  a 
form  that  has  the  advantage  of  being  easily  cast,  but  it  is 
not  an  economical  shape.  This  section  has  been  used  in  old 
practice  for  struts  in  framed  structures,  such  as  roof  trusses 
and  bridges.  In  (/)  is  shown  a  column  section  that  is 
sometimes  used  in  the  construction  of  store  fronts,  and, 
as  a  cast-iron  pilaster,  is  frequently  a  structural  member 
in  a  building.  It  is  not  economical,  but  has  the  advantage 
that  it  is  readily  built  into  the  walls  and  thus  entirely  or 
partially  concealed. 

Example. — What  is  the  difference  in  strength  of  two  cast-iron 
columns,  each  16  feet  long,  having  an  area  of  cross-section  equal 
to  28.28  square  inches,  the  one  to  be  a  hollow  cylindrical  column 
of  10  inches  outside  diameter  and  the  other  to  be  solid. 

SoLDTioN. — A  solid  cylindrical  column  whose  area  of  cross-section 

V28~28 
"       =  6  in.     The  square  of 

6' 
the  radius  of  gyration  for  the  solid  column  will  then  be  :r-;  =  2\,  and 

16 
substituting  in  formula  15, 
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80,000 


1  +  .    192^ 


=   14,414  lb. 


3,600  X  2i 

This  multiplied  by  28.28  gives  14,414  X  28.28  =  407,627.92  lb.  for 
the  strength  of  the  solid  column. 

A  cylinder  whose  outside  diameter  is  10  in.  and  whose  area  is 
28.28  sq.  in.  would  have  an  inside  diameter  of 


yfi 


28.28       „  . 


—i 4-  =  4  ('^  -  d.-')  =  28.28; 


and  d,  =  y^d'  -  28.28  X  ^  =    Vr00~;^^36  =  8 

The  square  of  the  radius  of  gyration  r'  =  — T^,  '    =100  +  64-5-16 

Id 

=  lOi  in.     Substituting  in  formula  15  again,  we  have 

80,000 


1+         ^^2= 


=  40,020  lb. 


3,600  X  lOi 

This  result  multiplied  by  28.28  gives  40,020  X  28.28  =  1,131,765.6  lb. 

Therefore,  the  hollow  cylindrical  column  is  nearly  three  times  as 
strong  as  the  solid  column,  in  this  case,  although  no  more  metal  has 
been  used.     Ans. 

39.  Column  Connections. — Solid  cylindrical  cast-iron 
columns  are  usually  fastened  together  by  the  simple  flange 
base- shown  in  Fig.  13  {a).  The  flange  need  only  be  broad 
enough  to  allow  bolting  together,  the  minimum  bolt  circle 
being  expressed  by  the  formula 

d+o  +  ^  inch  (22) 

in  which    d  —  diameter  of  column; 

o  =  outside  diameter  of  nut. 
The  flange  may  be  used  around  hollow  cast-iron  columns, 
whether  rectangular  or  circular,  as  shown  m  {b).  In  order 
to  reduce  the  machine  work  and  get  a  bearing  that  will  be 
more  apt  to  be  true,  a  design  such  as  is  shown  in  (c)  has 
been  used.  This,  however,  is  not  as  stiff  a  connection  as 
that  shown  in  {b),  the  bearing  of  the  base  being  smaller. 
Sometimes,  to  secure  a  better  alinement,  a  flange  is  cast  on 
the  lower  column  projecting  into  the  lower  end  of  the  upper 
column.     The  two  connecting  flanges  are  faced  and  bolted 
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together  as  shown  in  (d),  ordinary  bolts  being  used  to  hold 
the  two  columns  together.  The  connection  for  H  columns 
is  shown  in  (e).     Here  the  web,  forming  the  bearing  of  the 


Pig.  13 


column,  is  cast  inside  the  vertical  flanges.    This  is  a  point  in 
favor  of  this  style  of  column,  because,  having  no  projecting 
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flanges,  the  column  is  easily  built  into  masonry  walls.  The 
upper  column  section  is  usually  reduced  in  the  manner 
shown  in  the  figure  by  casting  a  small  lip  a  on  the  base  of 
the  upper  column. 

The  purpose  of  using  two  shells,  as  in  (/),  is  for  fire- 
protection,  the  outer  one  protecting  the  inner  one  from  the 
efifect  of  flames.  In  this  case  a  plate,  such  as  is  shown  at/, 
is  used,  bringing  the  columns  into  alinement  and  adjusting 
them  to  their  proper  position.  The  objection  to  the  use  of 
this  plate  is  the  extra  number  of  joints,  there  being  twice  as 
many  as  in  the  ordinary  column.  Joints  are  very  objection- 
able features  in  a  column,  on  account  of  the  difficulty  of 
bringing  them  to  a  good  bearing.  In  {g)  is  shown  the 
general  form  of  connection  for  the  X  shape;  this  shape  is 
very  little  used  because  its  form  is  not  economical. 

In  all  the  above  styles,  except  {d) ,  the  bolts  should  fit  the 
holes  tightly,  this  necessity  in  the  case  of  {d)  being  obviated 
on  account  of  the  projecting  flange  or  lip  of  the  lower  column 
into  the  upper  column.  Some  constructors  permit  the  use  of 
tin  shims  in  order  to  center  the  bolt,  but  this  is  objectionable 
because  it  does  not  hold  the  columns  firmly  in  line.  The  best 
method  is  to  have  the  holes  machine-drilled  and  use  machine 
bolts  that  fit  the  holes  accurately.  The  holes  in  the  bases 
must  then  be  drilled  to  a  templet  to  insure  their  alinement. 
In  order  that  the  bolts  may  hold  the  flanges  more  firmly 
together,  the  latter  are  usually  spot-faced;  that  is,  the  metal 
around  the  hole  is  cut  off  until  the  nut  has  a  full  and  even 
bearing,  {h)  shows  a  flat  cast-iron  pilaster  column  that  it  is 
sometimes  necessary  to  use  against  masonry  walls  and  in  posi- 
tions where  room  cannot  be  provided  for  a  larger  column. 
In  calculating  the  strength  of  such  a  column  the  least  radius  of 
gyration  should  be  used,  even  though  the  column  is  securely 
tied  to  the  wall.  In  (z)  is  shown  a  connection  frequently 
used  for  square  columns,  though  it  is  probably  more  usual 
to  put  the  ribs  in,  as  shown  dotted.  There  is  little  value  in 
placing  the  ribs  on  the  diagonal  in  this  instance,  from  the 
fact  that  the  corner  could  be  well  rounded  as  at  a,  when  the 
necessity  for  the  corner  ribs  would  not  exist. 
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The  reduction  of  section  at  the  difEerent  floors  forms  an 
important  consideration  in  selecting  the  section  of  a  column. 
The  cylindrical  column  is  generally  reduced  by  changing  the 
diameter.  Where  an  abrupt  change  is  to  be  made  and  the  load 
carried  by  the  upper  column  is  considerable,  great  care  should 
be  taken  to  make  the  flanges  at  the  connection  strong  enough 
to  stand  the  shear  so  that  the  columns  may  not  telescope. 

40.  In  erecting  columns,  it  frequently  happens  that  the 
bases  are  not  square  to  the  axis  of  the  column.  This  throws 
the  column  out  of  a  vertical  line,  which,  when  brought  to  its 
proper  position,  causes  a  bearing  only  on  one  edge.  In 
order  to  bring  the  columns  to  a  fair  bearing,  sheets  of  paper, 
called  shims,  are  sometimes  used  to  fill  in.  If  the  ends  have 
been  left  rough,  the  custom  is  to  use  lead  or  copper  sheets 
between  the  bases.  These  two  metals  are  so  soft  that  any 
slight  inequality  in  the  surface  of  the  base  sinks  into  the 
soft  metal,  giving  the  column  a  full,  square  bearing. 

41.  Column  Bases. — The  conditions  that  arise  in 
designing  a  column  base  to  set  on  the  capstone  are  slightly 
difEerent  from  those  met  with  in  designing  a  base  at  a 
column  connection.  The  former  usually  stand  directly  on  a 
capstone  whose  unit  crushing  strength  is  much  less  than 
that  of  the  column.  The  base  must  therefore  be  increased  in 
area  so  as  not  to  produce  a  greater  pressure  per  square  inch 
than  is  safe.  Column  bases  are  usually  set  on  a  lead  or 
copper  plate  or  in  Portland  cement.  When  lead  or  copper 
is  used  the  crushing  strength  of  the  stone  should  be  con- 
sidered, as  the  compressive  strength  of  these  metals  is 
greater  than  that  of  the  stone.  When,  however,  cement  is 
used,  the  allowable  compressive  strength  per  square  inch 
is  not  more  than  from  200  to  300  pounds.  The  Portland 
cement  may  be  used  neat,  that  is,  without  any  sand  or  gravel, 
or  it  may  be  used  in  the  proportion  of  one  part  cement  to 
one  or  two  parts  sand.  The  strongest  mixture  is  that  of 
one  part  cement  and  one  part  of  clean,  sharp  sand. 

Such  a  design  as  is  shown  in  Fig.  14  (a)  is  suitable  for 
a   column   that  rests  directly  on   the   capstone.     The   ribs 
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should  be  so  placed  as  to  protect  the  corners,  as  at  {d)  and 
not  as  at  (c),  because  the  corners  are  the  more  liable  to 
break  off  from  the  load  of  the  column.  A  much  better  plan 
is  to  rest  the  column  on  a  separate  base,  such  as  is  shown 
in  (e).  This  base  is  suitable  for  a  cylindrical  column  hold- 
ing only  a  comparatively  light  load.  In  this  case  the 
column  has  the  same  flange  connection  at  the  base  that  it 
has  at  the  top.  The  advantages  of  this  method  are  that  the 
bases  may  be  built  heavier  and  may  be  set  so  as  to  give  a 
perfectly  level  bearing  on  which  to  start  the  column.  They 
are  less  awkward  to  handle  than  a  column  that  has  its  base 
cast  with  it,  and  they  are  indispensable  where  a  column  is  to 
sustain  a  heavy  load,  in  order  to  distribute  the  pressure 
evenly  over  the  capstone.  Here,  as  in  (a),  the  ribs  run  to 
the  corners.  In  (d)  is  shown  a  base  commonly  used  in  con- 
nection with  the  H  form  of  column.  This  base  is  designed 
to  hold  a  heavier  load  than  the  one  shown  in  (e) .  In  (/)  is 
a  form  of  base  suitable  for  the  heaviest  loads  to  which  a  cast- 
iron  column  is  subjected.  It  is  octagonal,  having  ribs  to  each 
angle  of  the  octagon.  The  lower  flange  is  further  stiffened 
by  a  vertical  rib  running  around  the  edge  of  the  base. 

A  type  of  base  that  is  sometimes  used  with  advantage  for 
supporting  tiers  of  cast-iron  columns  is  shown  in  Fig.  14  (§") . 
This  base  is  supported  on  a  pier  that  extends  through  the 
basement  floor,  and  the  casting  a  provides  a  support  for  the 
first-floor  columns  and  a  connection  for  the  first-floor  beams. 

In  these  bases,  no  holding-down  bolts  are  used,  as  the 
cement  is  considered  sufficient  to  stand  all  shocks,  and  when 
the  weight  of  the  building  comes  on  the  columns,  the 
liability  of  displacement  is  still  further  reduced. 


DESIGN  OF  CAST-IRON  BRACKETS 

42.  The  beam  connections  form  an  important  feature  in 
the  selection  of  a  column  section.  Some  column  sections 
are  especially  adaptable  to  this  service,  for  example,  the 
rectangular  and  the  H  section;  while  the  circular  columns, 
especially  the  smaller  ones,  are  not  so  easily  designed  for 
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bracket  connections.  The  usual  rule  to  be  followed  is  that 
the  brackets  should  be  as  near  the  center  of  the  column  as 
possible  so  as  to  carry  the  load  to  the  center  line  of  support. 
This  is  done  in  order  to  reduce  the  eccentric  loading  as 
much  as  possible.  A  bracket  should  be  strong  enough  to 
support  its  load  with  safety. 

The  usual  form  of  bracket  is  shown  in  Fig.  15  (a).  The 
angle  made  by  the  outer  edge  of  the  vertical  web  of  the 
bracket  should  be  30°  with  the  axis  of  the  column.  It  is 
sometimes  desired  to  add  to  the  architectural  effect  by 
breaking  this  line  into  a  molding.  The  cyma  reversa  shown 
in  (d)  is  well  adapted  to  this  treatment,  as  it  gives  plenty  of 
metal  at  the  top  of  the  bracket  where  it  is  most  needed. 
The  cyma  recta  (c),  although  often  used,  is  not  so  well 
adapted  to  the  design  of  a  bracket  because  the  edge  is  weak, 
and  if  a  beam  were  to  rest  on  this  edge  alone,  it  is  probable 
that  it  would  break  off  as  shown  in  {d) .  To  avoid  this,  the 
top  edge  may  be  slightly  beveled  so  that  the  beam  cannot 
rest  on  it.  The,  section  in  (/)  designates  the  manner  in 
which  the  thickness  of  the  shell  adjacent  to  the  bracket  is 
frequently  increased.  This  figure,  it  will  be  noticed,  is 
somewhat  similar  to  the  section  in  (d).  A  very  good  design 
for  a  strong  bracket  for  an  architectural  column  is  shown 
in  {£■).  Here  the  bed  is  held  up  by  four  vertical  webs. 
In  (e)  is  shown  a  method  of  supporting  a  wooden  post  on  a 
cast-iron  column,  the  post  being  slipped  into  the  projecting 
lip  d.  A  vertical  lug  is  usually  provided  to  which  the  beams 
are  bolted.  It  may  be  made  as  shown  at  /  in  (e),  or, 
where  a  box  girder  is  to  be  supported,  the  lug  may  be 
designed  to  slip  in  between  the  two  webs  of  the  girder,  as  at  / 
in  (k)  and  (z). 

Necessity  frequently  arises  for  a  cast-iron  column  that  has 
some  pretensions  to  architectural  finish.  In  Fig.  16  (a)  is 
shown  a  cast-iron  column  with  molded  brackets  and  an 
architectural  cap.  The  main  girders  in  the  building  are 
designated  at  a,  and  are  composed  of  steel  I  beams.  The 
secondary  girders  d  are  of  10"  X  12"  yellow  pine.  A  bracket 
is  provided  at  c  for  bolting  the   steel  girder  a   securely  in 
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position,  while  the  secondary  wooden  beams  b  are  held  in 
place  by  lagscrews  passed  through  the  bracket  d  at  e. 
The  same  type  of  column  for  an  upper  story,  supporting 
an  inclined  rafter,  is  shown  in  Fig.  16  {b).  The  block  a  is 
separate  from  the  column  and  is  secured  to  it  with  bolts 
extending  through  the  bracket  at  b. 

43.  Many  concerns  have  their  own  standard  designs  for 
column  connections  and  brackets.  These  are  usually 
embodied  in  tables  that  give  the  required  dimensions. 
Table  V  gives  the  standard  dimensions  of  brackets  on 
cast-iron  columns  for  I-beam  connections.  The  face  of  the 
shelf  should  have  a  pitch  away  from  the  column  of  i  inch  to 
the  foot  to  allow  for  the  deflection  of  the  beam.  As  the  holes 
in  the  column  are  cored,  it  will  be  necessary  to  have  the 
beams  drilled  in  the  field  in  order  to  insure  alinement. 

In  this  table  the  values  given  in  the  columns  marked 
A,  B,  C,  etc.  are  the  various  dimensions  for  brackets,  these 
dimensions  being  represented  by  corresponding  letters  in  the 
figures  accompanying  the  table.  Thus,  for  a  12-inch  I-beam 
connection,  the  distance  from  the  bottom  of  the  beam  flange 
to  the  center  of  the  outside  bolt  of  the  vertical  lug  should 
be  3  inches,  the  pitch  of  the  bolts,  3  inches,  the  projection  of 
the  bracket  beyond  the  column,  4i  inches,  the  depth  of  the 
vertical  leg  of  the  bracket,  7f  inches,  etc. 

44.  strength  of  Cast-iron  Brackets. — In  Fig.  15 
{h),  (i),  (j),  and  {k)  are  shown  brackets  that  were  tested  to 
their  breaking  point.  The  brackets  in  almost  every  case 
tore  out  the  body  of  the  column,  as  shown  in  (7).  The 
minimum  strength  of  the  bracket  shown  in  (/?)  and  (i)  with 
a  distributed  load  was  about  160,000  pounds,  and  with  a 
concentrated  load  at  the  edge  of  the  bracket,  was  about 
95,000  pounds.  The  somewhat  surprising  result  was  found, 
in  testing  brackets  of  the  dimensions  of  those  shown  in  (;') 
and  {k),  that  on  different  sized  columns  their  strength  was 
practically  the  same.  It  will  be  noticed  that  these  brackets 
are  practically  of  the  same  dimensions,  with  the  exception 
of  the  height  of  the  web,  which  is  5^  inches  on  the  15-inch 
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column  and  7  inches  on  the  6-inch  column.  When  tested 
to  destruction,  the  breaking  strength  with  a  distributed  load 
for  the  former  varied  from  122,800  to  142,000  pounds, 
and  for  a  concentrated  load  at  the  edge  of  the  bracket, 
from  69,800  to  72,900  pounds.  The  breaking  strength  of  the 
latter  for  a  distributed  load  varied  from  131,000  to  133,700 
pounds,  and  for  a  concentrated  load  at  the  edge  of  the 
bracket  was  49,140  pounds.  The  last  test  quoted  may  be 
discarded,  since  the  manner  of  failure  was  by  breaking  off 
the  lip  of  the  bracket  instead  of  tearing  out,  as  in  the  other 
cases.  If  this  result  be  neglected,  it  will  be  seen  that  the 
two  brackets  were  practically  of  the  same  strength. 

If  the  bracket. shown  in  (j)  were  figured  for  shear,  accord- 
ing to  the  usual  method,  the  result  would  be  6  X  li  +  62 
X  li  =  13ii  square  inches.  This  multiplied  by  the  shearing 
strength  of  cast  iron,  18,000  pounds,  gives  18,000  X  13t¥ 
=  246,375  pounds.  It  is  easily  seen  that  the  calculated 
shearing  strength  of  the  bracket  is  greatly  in  excess  of  the 
actual  strength.  If  the  allowable  shearing  strength  of  cast 
iron  is  taken  at  3,000  pounds  per  square  inch,  which  is  the 
value  required  by  the  New  York  building  laws,  we  find  the 
safe  bearing  strength  of  the  bracket  to  be  13i i  X  3,000 
=  41,062  pounds.  This  shows  that,  while  the  theoretical 
factor  of  safety  is  about  6,  the  actual  factor  of  safety  is 
little  more  than  If  with  a  concentrated  load  at  the  edge,  and 
about  3  with  a  distributed  load.  The  following  conclusions 
were  made  from  the  results  of  these  tests: 

1.  A  bracket  on  the  usual  cylindrical  cast-iron  column  will 
usually  fail  by  tearing  out  a  portion  of  the  body  of  the  column; 
the  stress  that  causes  this  failure  is  unknown,  but  it  is  prob- 
ably a  transverse  stress  similar  to  that  which  exists  in  a  beam. 

2.  By  deductions  from  tests,  figuring  the  total  area  of  the 
breaking  surface  of  a  bracket,  the  breaking  strength  amounts 
to  from  5,700  to  18,000  pounds  per  square  inch  with  a 
distributed  load,  and  from  3,600  to  8,400  pounds  with  a 
concentrated  load  at  the  edge  of  the  bracket. 

3.  A  bracket  projecting  from  4  to  5  inches  fronj  the  body 
of  the  column  will  carry  only  half  as  much  when  the  load  is 
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concentrated  at  the  edge  of  the  bracket  as  it  would  if  the 
load  were  distributed  over  the  bracket. 

4.  The  bracket  should  be  made  so  as  to  bring  the  load 
as  close  to  the  column  as  possible,  and  thus  reduce  the 
bending  stress. 

45.  The  following  rules  have  been  deduced  from  tests 
made  and  are  probably  the  most  reliable  for  calculating  the 
strength  of  brackets.  A  bracket  may  fail  in  one  or  more  of 
the  three  following  ways:  (1)  by  direct  shear  at  the  column; 
(2)  by  breaking  off  due  to  a  transverse  stress  at  the 
column;  (3)  by  tearing  out  a  portion  of  the  column,  leav- 
ing an  approximately  elliptical  hole. 

The  First  Method. — Under  most  conditions  a  bracket  will 
not  fail  by  this  method,  as  most  brackets  are  loaded  so  as  to 
produce  transverse  stress  rather  than  shearing.  It  is  well, 
however,  to  calculate  the  strength  of  the  bracket  for  this 
stress,  assuming  the  load  to  be  placed  close  to  the  column 
and  calculating  the  shearing  strength  at  18,000  pounds  per 
square  inch  of  cross-section. 

The  Second  Method. — This  method  of  failure  is  quite 
probable,  especially  with  brackets  on  columns  of  small 
diameters.  The  strength  may  be  figured  by  applying  the 
formula  „,  „„„      r 

W  =  "^^^^       (33) 

in  which  W  =  safe  load  on  the  bracket; 

I  =  moment  of  inertia  of  section  of  bracket  made 
by   a  plane  passing  through  bracket  and 
tangent  to  outside  of  column; 
c  =  distance  from    neutral  axis  to  extreme  fiber; 
/  =  distance  of  center  of  gravity  of   load  from 
plane  of  /. 
The   Third  Method. — The    bracket   is  apt  to   fail   by  this 
method  in  most  cases,  especially  with  columns  whose  diame- 
ters are  greater  than  6  or  8  inches.  ,It  is  practically  impossible 
to  obtain  a  method  by  which  the  strength  of  the  bracket  may 
be  calculated  for  this  kind  of  failure,  as  the  failure  occurs 
partially  from  transverse  and  partially  from  shearing  strains. 
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If  the  section  modulus  of  the  actual  break  in  the  brackets 
tested  could  be  obtained,  it  might  be  possible  to  find  a 
modulus  of  rupture  that  could  be  utilized  in  calculating  the 
breaking   strength  by  this  method.     This  section  modulus 

evidently  depends  on  the 
diameter  and  thickness  of 
the  column,  the  width  of 
the  ledge  of  the  bracket, 
and  the  height  of  the 
vertical  web.  If  it  could 
be  calculated  for  this  form 
of  break,  it  would  prob- 
ably be  found  to  be  less 
than  the  section  modulus 
obtained  by  the  second  method  in  columns  where  the 
diameter  is  greater  than  6  inches,  and  greater  than  the 
section  modulus  found  by  the  second  method  in  columns 
whose  diameters  are  less  than  6  inches. 

Example. — What  will  be  the  safe  load  of  the  bracket  shown  in 
Pig.  17,  if  the  load  is  concentrated  •!  inch  from  the  outer  edge,  using 
a.  factor  of  safety  of  4? 

Solution. — The  area  resisting  the  load  by  shear  is  6  X  li  +  4J  X  H 
=  12.5625  sq.  in.;  allowing  18,000  lb.  per  sq.  in.  shearing,  we  have 
226,125  lb.  This  divided  by  4  gives  56,531  lb.,  safe  load.  In  measuring 
the  height  of  the  vertical  web,  1  inch  has  been  allowed  for  breaking 
at  the  foot  of  the  bracket. 

The  area  at  the  assumed  plane  of  fracture  being  12.56  sq.  in.,  from 
tables  giving  the  properties  of  various  sections,  the  distance  of  the 
neutral  axis  from  the  back  of  flange  is 

d'  i  +  s'{i-t)  ^  (Sr  X  H)  +  H'(6  -  Ij) 
2  A  25.12 

in  which  c,  =  1.783  in.,  and  c  =  5.750  -  1.783  =  3.967  in. 

From  tables  giving  the  properties  of  sections,  the  moment  of  inertia 
ic'  +  dc,'  -  (d-  t)(c^-s)' 
3 


of  the  section  is       /'  = 


^  H  X  3.967''  +  6  X  1.783°  -  (6  -  1^)  (1.783  -  Ij) 
3 

Then  the  safe  load,  by  formula  23,  is  IV  X  area 


'-  =  34.502 
31,000  X  34.502 


10  X  3.967  X  4.5 

X  12.5625  =  75,262  lb.;  hence,   the  safe  load  is  the  smaller  of  these 
results,  or  56,531  lb.    Ans. 
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EXAMPLE    FOR    PRACTICE 

What  would  be  the  shearing  strength  of  the  bracket  shown  in 
Fig.  15  (A),  allowing  f  inch  for  breaking  at  the  foot  of  the  bracket? 

Ans.  225,000  lb. 

46.  Beam  Connections. — Bolt  holes  for  connecting 
the  beams  to  the  columns  should  always  be  drilled  either  in 
the  column  or  in  the  steel  beams  after  the  latter  are  in  place, 
because  if  the  holes  were  cored  in  the  casting  and  the  holes 
in  the  beam  punched  at  the  mill,  it  would  very  likely  be 
found,  in  the  course  of  erection  at  the  building,  that  the 
beams  were  supported  entirely  by  the  shear  of  the  bolts  and 
not  by  the  bracket.  The  bolts  should  always  fit  as  tightly 
as  possible,  and  in  the  best  work  both  holes  should  be 
drilled  in  the  field,  the  bolts  used  being  machine  fit,  for  on 
these  beam  connections  depend  the  rigidity  of  the  building. 

47.  Inspection. — In  examining  castings  used  in  build- 
ing construction,  to  ascertain  their  quality  and  soundness 
several  points  a,re  to  be  considered.  The  edges  should  be 
struck  with  a  light  hammer.  If  the  blow  makes  a  slight 
impression,  the  iron  is  probably  of  good  quality,  providing  it 
be  uniform  throughout.  If  fragments  fly  off  and  no  sensible 
indentation  be  made,  the  iron  is  hard  and  brittle.  Air  bub- 
bles and  blowholes  should  be  searched  for  by  tapping  the  sur- 
face of  the  casting  all  over  with  a  hammer.  Bubbles,  or  flaws, 
filled  in  with  sand  from  the  mold,  or  purposely  stopped  with 
loam,  cause  a  dullness  in  the  sound,  leading  to  their  detec- 
tion. The  metal  of  a  casting  should  be  free  from  bubbles, 
core  nails,  or  flaws  of  any  kind.  The  exterior  surface  should 
be  smooth  and  clean  and  the  edges  of  the  casting  sharp  and 
perfect.  An  uneven  or  wavy  surface  indicates  unequal  shrink- 
age, caused  by  want  of  uniformity  in  the  texture  of  the  iron. 

The  surface  of  a  fracture,  examined  before  becoming 
rusty,  should  present  a  fine-grained  texture,  of  a  uniform 
bluish-gray  color  and  high  metallic  luster. 

Example. — A  long-leaf,  yellow-pine,  square  column  20  feet  long  is 
required  to  sustain  a  load  of  100,000  pounds;    provided  a  factor  of 
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safety  of  5  is  used,  what  must  be  the  size  of  the  column,  according  to 
the  parabolic  formula  for  wood  columns? 

Solution. — In  order  to  solve  this  problem  it  is  first  necessary  to 
assume  the  size  of  the  column  and  then  determine  whether  the  assumed 
size  meets  the  requirements  of  the  conditions  imposed.  In  this  case  a 
12"  X  12"  column  is  assumed.      Substituting  values  in  formula  13, 

Uf  =  4,000  -  .8  (^  \  it  is  found  that  «/  =  4,000  -  .8  (^^   =  3,680  lb. 

per  sq.in.,  which,  multiplied  by  the  sectional  area  of  the  column,  or 
144  sq.  in.,  equals  529,920  lb.  Using  a  factor  of  safety  of  5,  the  safe 
strength  of  this  column  is  529,920  h-  5  =  105,984  lb.,  which  is  greater 
than  the  load  to  be  sustained,  and  consequently  the  assumed  size 
12"  X  12"  is  satisfactory  and  should  be  used.     Ans. 


EXAMPLES    FOR    PRACTICE 

1.  According  to  the  straight-line  formula,  what  will  be  the  allow- 
able load  on  an  8"  X  10"  spruce  column,  12  feet  long,  using  a  factor  of 
safety  of  6,  the  ultimate  compressive  strength  of  spruce  being  4,000 
pounds  per  square  inch?  Ans.  43,733  lb. 

2.  It  is  required  that  a  short,  round,  yellow-pine  column  shall  carry 
173,000  pounds.  What  must  be  the  diameter  of  the  column,  the  safe 
unit  compressive  stress  of  the  material  being  1,000  pounds? 

-  Ans.  15  in. 

3.  What  will  be  the  breaking  load  of  a  cast-iron  column  20  feet 
long,  12  inches  in  diameter  outside,  made  of  1-inch  metal,  according 
to  Gordon's  formula  (15)?  Ans.  1,349,248  lb. 

4.  The  thickness  of  the  metal  in  a  cast-iron  column  is  f  inch;  if  a 
factor  of  safety  of  6  is  used ,  and  the  length  of  the  column  is  18  feet,  what 
must  be  its  outside  diameter  to  support  a  load  of  133,000  pounds,  using 
formula  15?  Ans.  10.5  in. 

5.  Find  by  Gordon's  formula  (15),  the  ultimate  crushing  strength 
of  a  10-inch  square,  outside  measurement,  cast-iron  column;  the  thick- 
ness of  the  metal  is  1  inch,  and  the  length  of  the  column  is  20  feet. 

Ans.  1,327,176  lb. 


COLUMNS  AND  STRUTS 

(PART  2) 


STEEL  COLUMNS 


INTRODUCTION 

1.  It  is  to  the  adoption  of  structural  steel  shapes  in  build- 
ing construction  that  the  modern  high  building  owes  its  exist- 
ence. Before  steel  construction  was  employed,  such  loads  as 
700  or  800  tons  on  one  column  were  considered  visionary,  for 
they  could  not  with  safety  be  sustained  by  any  cast-iron  or 
wood  column  of  practical  dimensions.  But  now  loads  of 
1,000  tons,  or  more,  are  often  stipported  on  a  single  column, 
and  the  structural  steel  column  is  superseding  the  cast-iron 
column  even  in  buildings  of  moderate  height. 

Although  the  loads  in  buildings  are  generally  quiescent 
and  the  liability  to  sudden  shock  is  more  remote  than  in 
bridges,  the  columns  seldom  receive  their  loads  as  favorably 
as  in  bridges,  because  in  most  cases  they  are  subjected  to 
considerable  eccentricity  in  loading;  that  is,  the  loads  on 
one  side  of  a  column  are  heavier  than  those  on  the  other, 
thus  tending  to  produce  bending  stress  and  materially 
decreasing  the  ultimate  compressive  strength  of  the  column. 


CLASSIFICATION  OP  STEEL  COLUMNS 

2.  As  in  the  case  of  cast-iron  columns,  the  method  of 
securing  the  ends  exercises  an  important  influence  on  the 
resistance  of  steel  columns  to  bending,  and  consequently  on 
their  ability  to  resist  compressive  stresses.  The  classification 
adopted  for  structural  steel  columns  is  as  shown  in  Fig.  1, 
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where  (a)  is  a  column  with  Mnged  or  pinned  ends,    (6)  a 
column  with  flat  ends,  and  (c)  a  column  with  fixed  ends. 


Hinged-end  columns  are  struts  that  have  only  central 
points  or  lines  of  contact,  such  as  are  provided  by  pins  passed 
through  reenforced  holes  in  the  ends  of  the  member,  or,  as 
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in  unusual  instances,  resting  in  sockets  in  the  form  of  semi- 
cylindrical  depressions  in  cast-iron  bearing  blocks.  The 
center  of  the  end  joints  in  a  pin-connected  member  should 
lie  on  the  central  axis  of  the  cohimn. 

Flat-end  columns  are  struts  that  have  flat  ends  normal 
to  the  central  axis  of  the  strut,  but  not  rigidly  secured 
at  the  base  and  top. 

Fixed-end  columns  are  rigidly  secured  at  the  end  to  the 
contiguous  parts  of  the  structure,  or  by  anchor  bolts  to  heavy 
masonry  at  the  base  and  to  portions  of  the  steel  frame  at  the 
top.  In  order  to  realize  the  conditions  of  fixed  ends  the  col- 
umn must  be  so  secured  that  the  attachment  would  not  be 
severed  if  the  member  were  subjected  to  the  ultimate  load. 


FORMS  OF  STEEIi  COLUMNS 
3.  Conditions  That  Affect  tlie  Choice  of  a  Type  of 
Column. — There  are  at  present  numerous  forms  in  which 
rolled-steel  shapes  are  combined  to  make  up  columns  for 
structural  purposes.  The  type  of  column  to  be  used  in  a 
building  is  sometimes  prescribed  by  the  owner,  or  the  design 
of  the  building  is  furnished  by  the  architect,  thus  leaving  the 
engineer  little  latitude  in  his  choice  of  design.  There  are, 
however,  a  number  of  'conditions  demanded  by  considera- 
tions, partly  practical  and  partly  theoretical,  that  should  be 
carefully  studied  and  compared  before  selecting  the  type  of 
column  for  a  particular  purpose.  In  many  cases  it  will  be 
found  that  these  considerations  impose  conditions  that  con- 
flict with  each  other;  and  in  order  to  make  such  a  compromise 
as  will  meet  this  difficulty  in  the  most  satisfactory  manner, 
there  is  demanded  of  the  engineer  a  most  careful  exercise 
of  judgment  guided  by  practical  experience.  Some  of  the 
most  important  points  to  be  considered  in  choosing  the  type 
of  column  to  be  used,  in  any  case,  are  the  following: 

1.  The  cost  and  availability  of  the  material. 

2.  The  amount  of  labor  required  and  the  facility  with 
which  it  may  be  performed  in  both  shop  and  field. 

3.  The  distribution  of    material  in  the  column  so  as  to 
give  the  maximum  strength  with  the  least  weight. 
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4.  The  facility  with  which  connections  may  be  made 
between  the  column  and  the   members  which  it  supports. 

5.  The  application  of  the  connections  in  such  a  manner 
that  they  will  transfer  the  compressive  stresses  directly  to 
the  axis  of  the  column. 

6.  The  facility  with  which  the  thickness  of  the  metal  in 
the  different  parts  composing  the  column  can  be  reduced  in 
order  to  meet  th§  reduced  loads  of  the  upper  floors.  It  is 
not  desirable  to  make  the  columns  supporting  the  upper 
floors  of  the  building  very  small,  since  the  beams  and 
girders  supporting  the  upper  floors  are  usually  of  the 
same  dimensions  as  those  for  the  lower  floors,  and  con- 
sequently require  connections  as  heavy  and  secure;  it  is 
almost  impossible  to  make  such  connections  to  small  col- 
iimns,  consequently,  in  order  to  reduce  the  weight  of  the 
column  for  the  lighter  load  that  it  will  carry,  it  is  better 
to  reduce  the  thickness  of  the  material  used  and  keep  the 
section  the  same. 

7.  The  facility  with  which  fireproofing  may  be  attached 
to  the  section.  Columns  of  circular  sections  may  be  fire- 
proofed  more  compactly  than  rectangular  columns. 

4.  In  regard  to  the  cost  and  availability  of  the  material, 
such  shapes  should  be  selected  as  are  easily  rolled  and  can 
be  placed  on  the  market  at  a  reasonable  price.  I  beams, 
channels,  angles,  and  Z  bars,  together  with  plates,  are  the 
most  common  commercial  sections;  these  are  manufactured 
at  nearly  every  structural  steel  mill,  and  may  be  obtained 
promptly  in  large  orders  at  any  locality  where  a  skeleton- 
constructed  building  is  likely  to  be  erected.  Patented  sec- 
tions do  not  fulfil  this  condition,  and  should  therefore  be 
avoided  in  most  cases.  The  consideration  of  prompt 
delivery  is  an  important  one,  and  greatly  influences  the  cost 
and  facility  with  which  the  modern  building  is  erected. 

The  consideration  of  the  facility  with  which  the  labor  in 
both  shop  and  field  can  be  performed  is  one  that  should 
receive  careful  attention.  In  the  shop  the  complexity  of 
the  column  section,  and  the  number  of  pieces  of  which  it  is 
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composed,  greatly  influence  the  element  of  labor.  If  there 
are  numerous  small  pieces,  such  as  brackets  or  splice  plates, 
each  of  which  requires  cutting,  bending,  and  fitting  together, 
with  frequent  handling,  the  cost  of  labor  may  be  propor- 
tionately very  great.  The  number  of  rivets  also  greatly 
influences  the  cost  of  a  column;  not  only  should  there  be  as 
few  rivets  as  is  consistent  with  strength,  but  the  construction 
should  permit  the  rivets  to  be  readily  driven  by  machine,  so 
as  to  avoid  hand  riveting,  which  is  slow  and  expensive  and 
now  generally  admitted  to  be  inferior  to  machine  work. 
These  facts  are  also  true  of  the  labor  in  the  field;  the  con- 
nections should  be  as  simple  as  possible,  and  with  as  few 
rivets  as  is  consistent  with  the  strength  required;  they  should 
be  easy  of  access,  so  that  the  work  on  them  may  be  executed 
conveniently  and  rapidly. 

5.  In  connection  with  the  question  of  the  distribution  of 
the  material  in:  the  column  so  as  to  develop  the  maximum 
amount  of  strength  with  the  least  weight  of  material,  it  is 


Floot  Beams/ 


Pig.  2 


necessary  to  consider  the  facility  with  which  economical 
connections  may  be  made  between  the  columns  and  floor- 
beams,  and  the  directness  with  which  the  connections 
transfer  the  stresses  to  the  central  axis  of  the  column.     The 
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relation  between  these  conditions  may  be  illustrated  and 
analyzed  by  comparing  the  sections  shown  in  Fig.  2,  where 
(a)  represents  a  section  of  a  Phoenix  column,  while  (b)  is  a 
section  of  a  Z-bar  column.  The  apparent  advantage  of  the 
Phoenix  column  is  that  the  material  composing  it  is  placed 
where  it  will  be  the  most  efficient, 
thus  fulfilling  the  third  condition  of 
the  above  list  in  a  satisfactory 
manner;  the  radius  of  gyration  of 
the  column  is  also  practically  the 
same  on  all  of  its  diameters,  and 
the  metal  is  placed  at  the  greatest 
possible  distance  from  its  center. 

On  the  other  hand,  by  referring  to 
the  section  of  the  Z-bar  column,  it  is 
seen  that  a  considerable  portion  of 
the  material  is  concentrated  on  the 
axis,  a  condition  that  gives  it  a  rel- 
atively small  radius  of  gyration  and 
demands  the  use  of  a  greater  weight 
of  material  for  a  given  load.  This 
column,  however,  offers  greater  ad- 
vantages for  the  proper  connection 
of  the  floorbeams  than  does  the 
other,  and,  owing  to  its  open  con- 
struction, the  beams  transmit  their 
loads  almost  directly  to  the  central 
axis  of  the  column,  thus  avoiding  the 
disadvantages  of  eccentric  loading. 

Thus  it  is  seen  that  the  section 
having  the  best  theoretical  distribu- 
tion of  material  is  not  always  the 
best  to  use,  on  account  of  these  several  practical  consider- 
ations; in  fact,  the  section  shown  in  Fig.  3  is  probably 
as  much  used  for  structural  steel  columns  as  any  other, 
although  it  is  not  an  economical  section,  for  the  reason 
that  its  radius  of  gyration  on  the  axis  de  is  very  small 
in  proportion   to   the  weight  of  material  used,   and,   since 
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the  least  radius  of  gyration  is  always  used  in  calculating 
the  strength  of  a  structural  column,  all  the  material  that 
goes  to  form  the  greater  radius  of  gyration  adds  nothing  to 
the  theoretical  strength. 

The  great  advantage  of  this  section  is  that  it  is  composed 
of  the  cheapest  rolled  sections,  which  are  put  together  with 
a  minimum  amount  of  labor.  It  is  also  one  of  the  best 
forms  for  attaching  the  beams  and  girders,  and,  as  will  be 
seen  by  a  study  of  the  details  of  the  splice  shown  in  the 
figure,  for  making  connections  between  two  adjacent  columns. 

6.  Sections  of  Columns  Frequently  Used  in  Skele- 
ton Building:  Construction. — The  following  list  shows 
the  general  forms  of  the  principal  types  of  steel-column 
sections  now  in   use: 


XT 


Larimer  column  (patented) ,  1  rowof  rivets. 


Z-bar  column  without  cover-plates,  2  rows 
of  rivets. 


^ 

a.    A 

^ 

.a 

i!      -,7 

3b 

Z-bar  column  with  one  cover-plate  on  each 
side,  6  rows  of  rivets. 


Z-bar  column  with  two  cover-plates  on  each 
side,  6  rows  of  rivets. 


*r 


\w  Z-bar  column,   additional  section  obtained 

^^^^  by  the  use  of   angles  and  plates,  8  rows  of 
^  f^  rivets. 
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Z-bar  column,  rectangular  section,  6  rows 
of  rivets. 


Channel   column    with    plates    or    lattice, 
4  rows  of  rivets. 


Box  column  of  plates  and  angles,  8  rows 
of  rivets. 


I 


Plate    and    angle    column    without    cover- 
plate,  2  rows  of  rivets. 


Plate  and  angle  column  with  one  cover- 
plate  on  each  side,  6  rows  of  rivets. 


Latticed  angle  column,  8  rows  of  rivets. 


A  column  much  used  by  the  Pennsylvania 
Railroad,  composed  of  angles  and  plates, 
10  rows  of  rivets. 
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Keystone   octagonal   column     (patented), 
4  rows  of  rivets. 


Four-section  Phoenix   column  (patent   ex- 
pired), 4  rows  of  rivets. 


Eight-section  Phoenix  column  (patent  ex- 
pired), 8  rows  of  rivets. 


Grey  column  (patented),  4  rows  of  rivets. 


FORMULAS  FOR  STEEL  COLUMNS 


COLUMNS    WITH    CONCENTRIC    LOADS 

7.  There  are  many  forms  of  built-up  columns,  though 
several  standard  sections  are  preferred  by  practicing  engi- 
neers. It  becomes  necessary,  however,  to  find  some  general 
rule  or  formula  by  which  the  strength  of  columns  of  different 
sections  may  be  calculated. ,  The  strength  of  a  steel  column 
depends  on  its  length,  the  ultimate  strength  of  the  material, 
and  the  radius  of  gyration  of  the  section. 
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There  are  four  formulas  that  consider  these  factors, 
namely — Gordon's  or  Rankin's,  Euler's,  the  straight-line, 
and  the  parabolic.  These  formulas  give  the  strength  of  the 
column  per  square  inch  of  section,  and  the  actual  strength  pf 
the  column  is  determined  by  multiplying  the  value  obtained 
from  the  formula  by  the  area  of  the  column  section. 

8.  Gordon's  Formula. — The  strength  of  steel  col- 
umns may  be  found  by  the  following  rule: 

Rule. — To  find  the  ultimate  strength  per  square  inch  of  sec- 
tional area  of  a  steel  column  with  fixed  ends,  divide  the  ultimate, 
strength  of  the  material  composing  the  column  by  1  plus  the 
quotient  of  the  square  of  the  length,  in  inches,  divided  by  the 
product  of  the  constant  36,000  and  the  square  of  the  least 
radius  of  gyration  of  the  section. 

For  columns  with  one  end  fixed  and  the  other  end  pin- 
connected  use  24,000  for  the  constant,  and  for  columns  with 
both  ends  pin-connected  use  18,000. 

This  rule  may  be  expressed  by  the  formulas  given  in 
Table  I. 

TABLE    I 
QOKDON'S    rORMTTLA    FOB    u 


Material 


Wrought 
iron 


Soft  steel 


Medium 
steel 


Fixed  Ends 


,  _        40,000 


i+- 


40,ooor' 
45,000 


1  + 


36,000^' 
50,000 


H- 


36,000/ 


Square  or  Pin- 
Connected 
and  Fixed  Ends 


40,000 


l+- 


30,ooor 
45»ooo 


1-I-- 


24,ooor 
50,000 


i-f- 


24,ooor 


Pin-Connected 
on  Botli  Ends 


U  =  - 


40,000 


I-I-- 


r 


20,ooor 
45,000 

1+ 

i8,ooor' 

,  _   50,000 
i-t-- 


r 


18,000^-" 
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in  which     u  =  ultimate  strength  of  column,  in  pounds  per 
square  inch  of  section; 
/  =  length  of  columns,  in  inches; 
r  =  least  radius  of  gyration  of  section. 
It  will  be  noticed   from   Table  I  that    the    same   formula 
applies  to  columns  with  square  ends  as  to  those  that  are 
fixed  on  one  end  and  pin-connected  on  the  other. 

9.  Stralght-Hne  Foi'mula. — The  following  formulas 
are  used  in  calculating  the  ultimate  unit  strength  of  columns 
whose  lengths  are  between  50  and  150  radii  of  gyration: 

Medium   Steel 

Fixed  ends 60,000-210-  (1) 

r 

Square  ends 60,000-230-  (2) 

r 

Pin-connected  ends   .  .  60,000-260-  (3) 

r 

Soft  Steel 

Fixed  ends 54,000-185-  (4) 

r 

Square  ends 54,000  -  200-  (5) 

r 

Pin-connected  ends  .  .  54,000  -  225-  (6) 

r 

These  formulas  are  derived  in  practically  the  same  manner 
as  the  straight-line  formulas  used  in  Fig.  7,  Columns  and 
Struts,  Part  1,  the  difference  being  due  to  the  fact  that 
a  higher  value  is  used  in  the  above  for  the  ultimate  strength 
of  the  material. 

10.  Euler's   and  the  Parabolic   Formiilas. — As  in 

the  case  of  cast-iron  columns,  the  parabolic  formula  covers 
most  practical  cases.  However,  because  steel  is  so  much 
stronger,  columns  whose  lengths  are  great  in  comparison 
with  their  radii  of  gyration  are  sometimes  used,  in  which 
cases  Euler's  formula  may  be  applied.     The  limiting  value 

of  -  for  wrought  iron  and  steel  in  these  formulas  is  given  in 
r 

the  following  table: 
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Pin-con- 
nected ends 


Flat  ends 


Wrought-Iron  Columns 

When  -  <  170,  u  =  34,000  -  .67  {[ 

wu       ^  ^^nc^  432.000,000 

When  -  >  170,  u  = ttv 

r  1 1^ 


When  -  <  210,  u  =  34,000  -  .43  (-_ 

MiTu       ^  ^  9in  -  675.000,000 

When  -  >  210,  u  = Tj<r 

r  ll\ 


Mild-Steel  Columns 


Pin-con- 
nected ends 


When  -  <  150,  u  =  42,000 
r 


When  -  >  150,  u  = 
r 


97 
456,000,000 


©■ 


Flat  ends 


When  -  <  190,  u  =  42,000 
r 


.62 


w,,       ^  ^  ion  712,000,000 

When  -  >  190,  u  = ^7-,Yi 

r  l\ 


(7) 
(8) 

(9) 
(10) 

(11) 
(12) 

(13) 
(14) 


in  which  u  =  ultimate  strength  of  column,   in  pounds    per 
square  inch; 
/  =  length  of  column,  in  inches; 
r  =  least  radius  of  gyration,  in  inches. 

In  the  above  formulas,  the  first  in  each  division  is  used 

when  the  value  of  -  is  less  than  the  given  number  and  the 
r 

second  when  -  is  greater  than  the  given  number. 


11.  Great  care  is  required  in  the  proper  classification  of 
a  style  of  column,  and  it  sometimes  requires  considerable 
experience  to  judge  in  which  class  a  column  should  be  placed. 
Naturally  there  would  be  six  divisions,  according  to  the 
method  of  securing  the  ends,  as  follows:   (1)  Fixed;  (2)  fixed 
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and  square;  (3)  square;  (4)  fixed  and  pin-connected;  (5)  pin- 
connected;  and  (6)  square  and  pin-connected;  but  on  account 
of  the  similarity  of  the  efifect  of  stress  on  certain  classes,  the 
same  formula  applies  in  more  than  one  case,  and  it  is  there- 
fore only  necessary  to  have  three  formulas  for  the  three 
following  classes:  (1)  Fixed,  or  square  and  fixed;  (2)  square, 
or  pin-connected  and  fixed;  (3)  pin-connected,  or  square  and 
pin-connected,  as  given  in  Table  I.  The  following  examples 
will  assist  the  student  in  obtaining  a  clear  understanding 
of  this  subject. 

12.     Columns    With    Hinged    Ends. — To    this    class 
belong  the  compression  members  of  a  pin-connected  truss, 


Fig.  i 


or  the  swinging  ends  of  a  truss,  such  as  is  shown  at  a. 
Fig.  4.  Here  the  column  rests  on  a  pin  that  permits  it  to 
swing  to  and  fro  as  the  truss  expands  and  contracts  from 
changes  of  temperature. 

Example. — Using  a  factor  of  safety  of  4,  compute  the  safe  strength 
of  a  strut  of  a  pin-connected  truss,  the  length  of  the  strut  being 
20  feet  from  center  to  center  of  pins,  and  its  section  made  up  of 
four  6"  X  &'  X  f"  angles,  connected  as  shown  in  Fig.  5. 

Solution.— Since  the  relation  of  the  section  to  each  of  the  axes  a  b 
and  d  e\&  the  same,  its  moment  of  inertia  and  radius  of  gyration  is  the 
same  about  either  axis,  and  it  is  therefore  necessary  to  compute  these 
factors  for  only  one  of  these  axes.     From  a  table  giving  the  properties 
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of  angles  the  area  of  the  section  of  a  6"  X  6"  X  f"  angle  is  4.36  sq.  in., 
and  the  distance  of  its  center  of  gravity  from  the  back  of  either  leg  is 
1.64  in.,  nearly.  Also  from  this  table,  it  is  found  that  the  moment  of 
inertia  of  one  of  the  angles,  with  respect  to  an  axis  through  its  center 
of  gravity  parallel  with  the  given  axis,  is  15.39. 

From  Fig.  5,  the  distance  of  the  axis  through  the  center  of  gravity 
of  the  angle  from'  the  axis  de  of  the  section  is  2.14  in.;  therefore,  sub- 
stituting the  known  values  in  formula  1  in  Properties  of  Sections,  the 
moment  of  inertia  of  a  single  angle  with  respect  to  the  axis  d  e,  is 
/'  =  I+ax'  =  15.39  +  4.36  X  2.14"  =  35.35.  The  moment  of  inertia  of 
the  whole  section  is,  therefore,  L  =  21'  =  4  X  35.35  =  141.40. 


''x6"xi"Angrts 


The  total  area  of  the  section  is  4.36  X  4  =  17.44  sq.  in.;  therefore, 

the  square  of  its  radius  of  gyration,  from  formula  6  of  Properties  oi 

I        141  4 
Sections,  is  r'  =  -^  =       ^    =  8.1,  nearly. 

According  to  the  statement  of  the  problem  the  length  of  the  strut 
is  20  ft.,  or  240  in.  Substituting  in  Gordon's  formula  for  medium 
steel  and  pin-connected  ends,  we  find  the  ultimate  strength  per  square 

''•"^  =  35,842  lb. 


inch  of  section  of  the  strut  to  be  u 


1  +  : 


240= 


18,000  X  8.1 

The  safe  bearing  strength  of  the  strut  is  therefore 

35,842  X  17.44        ,.„„,,,.        . 
-. =  156,271  lb.    Ans. 


13.  Columns  With  Flat  Ends  or  Fixed  at  One  End 
and  Pin-Conneeted  at  the  Other. — To  this  class  belong 
columns  whose  ends  are  flat  and  not  held  firmly,  or  where 
there  is  a  single  column  extending  from  cap  to  foundation 
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as  in  Fig.  1  (b).     This  class  also  includes  such  posts  as  that 
shown  at  a,  Fig.  6,  the  lower  end  being  pin-connected  and 


[jzxexsixl-z: 


^Tension  Members 
Fig.  6 

the  upper  end  securely  fastened  so  that  it  will  assume  the 
shape  given  in  Fig.  4  {e) ,  in  Columns  and  Struts,  Part  1. 

Example. — The  moment  of  inertia,  with  respect  to  the  axis  Y  Y 
of  the  medium  steel  Z-bar  column 
shown  in  Fig.  7,  is  287.92,  and,  with 
respect  to  the  axis  XX,  337.17.  The 
total  area  of  the  section  is  21 .36  square 
inches;  what  is  the  safe  bearing 
strength  of  a  column  20  feet  in  length  y- 
having  flat  ends,  if  a  factor  of  safety 
of  3  is  used? 

Solution. — Using  the  least  mo- 
ment of  inertia,  which  is  that  with 
respect  to  the  axis  Y  Y,  the  square  of 
the  least  radius  of  gyration  is  found 
287.92 


I  wJzxex. 

XT 


Pig.  7 


to  be  r" 


21.36 
square  inch  of  section  is  «  = 


=  13.48,  nearly;  therefore,  the  ultimate  strength  per 
50,000 


H- 


240'' 


42,445  lb.    The  safe 


bearing  strength  is  therefore 

42,445  X  21.36 


24,000  X  13.48 


=  302,208  lb.     Ans. 
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14.  Columns  With.  Fixed  Ends. — This  type  appears 
in  buildings  where  the  column  extends  through  two  or  more 
stories  or  is  rigidly  secured  to  the  structure  so  as  to  restrain 
its  bending  out  of  line. 

Example. — A  section  of  the  compression  member  of  a  large 
structural-steel  roof  truss  is  shown  in  Fig.  8.  The  ends  of  the  mem- 
ber are  firmly  riveted  to  the  adjacent 
members  of  the  truss,  and  the  length 
of  the  member  is  15  feet;  what  is  its 
safe  bearing  strength  with  a  factor  of 
safety  of  4? 

SoLDTiON.  —  From  one  of  the  tables 
giving  the  properties  of  angles,  in  Prop- 
erties of  Sections,  the  area  of  a  3"  X  3" 
X  V  angle  is  found  to  be  1.44, sq.  in.,  and 
the  distance  from  its  center  of  gravity 
to  the  back  of  the  flange  is  .84  in.;  also 
from  the  same  table,  the  moment  of  . 
inertia  of  the  angle,  with  respect  to  an 
axis  through  its  center  of  gravity,  is 
found  to  be  1.24.  In  accordance  with  the  dimensions  given  in  the 
figure,  the  distance  from  the  axis  de  to  the  centers  of  gravity  of 
the  angles  is  4  —  .84  =  3.16  in.  The  moment  of  inertia  of  one  of  the 
angles,  with  respect  to  the  axis  de,  is,  therefore,  /'  =  1.24 -j- 1.44 
X  3.16'  =  15.62.     The  moment  of  inertia  of  the  web-plate,  with  respect 

5,  w   Q3 

'  —  13.33.     The  moment  of  inertia  of  the  whole 


'xj'i^Angles 


to  de,  is  /'  = 


12 


section,  with  respect  to  de,  is  /^  =  4  X  15.62  +  13.33  =  75.81.  The 
total  area  of  the  section  is  4  X  1.44 -|- 8  X  A  =  8.26  sq.  in.;  the 
square   of   its   radius  of   gyration,  with  respect  to  de,  is,  therefore, 

Referring  now  to  the  axis  ab,  the  distance  from  the  axis  to  the 
center  of  gravity  of  one  of  the  angles  is  .84  -|-  ^  =  .84  -|-  .156  =  t996, 
say  1  in.  The  moment  of  inertia  of  the  angle,  with  respect  to  ab,  is, 
therefore,  /'  =  1.24  +  1.44  X  1'  =  2.68.     The  moment  of  inertia  of  the 

8Xt%' 


web-plate,  with  respect  to  ab,  is 


12 


.02. 


Taking  the  sum  of  the  moments  of  inertia  of  the  several  parts,  the 
moment  of  inertia  of  the  whole  section,  with  respect  to  ab,  is  found  to 
be  4  x  2.68  -f  .02  =  10.74;  dividing  this  by  the  area  of  the  section, 
the    square  of   the  radius  of   gyration,   with  respect   to  this  axis,   is 

^'  =  ~^2E  -  ^-^^  nearly,  which,  being  much  less  than  the  value  of  r" 
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with  reference  to  the  axis  de,  is  the  value  to  use  in  computing  the 
strength  of  the  member. 

Substituting,  in  Gordon's  formula  for  medium  steel  and  fixed  ends, 
the  ultimate  strength  per  square  inch  of  section  is 

50,000 


1  +  ; 


180^= 


=  29,550  lb. 


36,000  X  1.3 
and  the  safe  bearing  strength  of  the  member  is 

29,550  X  8.26  h-  4  =  61,021  lb.    Ans. 


COIiUMNS    WITH   ECCENTRIC   liOADS 

15.  In  modern  buildings,  nearly  all  columns  are  sub- 
jected to  more  or  less  eccentric  loading;  in  fact,  it  would  be 
difficult  to  find  a  column 
loaded  with  a  perfectly 
concentric  load.  How- 
ever, it  is  good  practice 
to  disregard  the  eccen- 
tric loading  generally 
encountered  in  ordinary 
building  construction, 
since  the  preceding 
formulas  make  due  al- 
lowance for  the  slight 
eccentricity  caused  by  iS 
the  lack  of  symmetry  in 
the  arrangement  of  the 
brackets  and  the  appli- 
cation of  the  loads  with 
regard  to  the  central 
axis  of  the  column.  For 
example,  all  the  beam 
connections  may  be  on 
one  side  of  the  column, 
as  shown  in  Fig.  9,  or 
the  beams  attached  to  one  side  of  the  column  may  be  more 
heavily  loaded  than  those  attached  to  the  other  side.     Some 


Fig.  9 


18  COLUMNS  AND  STRUTS  §16 

of  these  conditions  are  usually  unavoidable  and  tend  to  pro- 
duce the  undesirable  effect  of  eccentric  loading. 

Should  the  eccentricity  of  the  load  be  considerable  and 
liable  to  produce  dangerous  transverse  or  bending  stresses, 
it  would  materially  diminish  the  ability  of  the  column  to 
withstand  direct  compressive  stresses.  The  bending  or 
transverse  stresses  should,  in  such  a  case,  be  calculated  and 
an  additional  amount  of  material  should  be  added  to  the 
section  of  the  column  in  order  to  resist  them. 

16.  The  nature  of  the  material  in  cast-iron  columns  for- 
bids their  use  in  cases  where  an  eccentric  load  of  any 
considerable  amount  is  liable  to  occur.  It  is  very  important 
that  any  eccentric  loading  on  a  cast-iron  column  should  be 
reduced  as  much  as  possible  and  that  the  brackets  should 
be  so  designed  that  their  load  is  carried  as  near  the  center 
line  of  the  column  as  possible.  * 

Timber  columns  are  often  subjected  to  an  eccentric  load 
due  to  the  attachment  of  a  jib  crane  to  them.  They  must  be 
calculated  for  this  extra  stress  according  to  the  rules  given 
hereafter  and  the  maximun  stress  due  to  the  combined  direct 
and  bending  stresses  should  not  be  more  than  25  per  cent, 
above  the  safe  unit  stress  of  the  column  section  if  subjected 
to  the  same  load  concentrically  placed. 

Steel  columns  are  the  best  adapted  to  use  in  cases  where 
eccentric  loads  exist  because  their  section  may  be  increased 
with  little  difficulty  to  take  care  of  the  excessive  stress.  In 
the  subsequent  formulas  a  sufficient  factor  of  safety  has  been 
used  to  take  care  of  any  eccentric  load  of  ordinary  magnitude. 
It  is  for  this  reason  that  the  allowable  unit  stress  is  increased 
25  per  cent,  over  the  calculated  stress  for  a  concentric  load. 

17.  Strengtli  of   Columns  With  Eccentric   Lioads. 

The  method,  considered  in  this  Section,  of  proportioning 
columns  for  eccentric  loads,  is  pursued  through  the  following 
steps: 

1.  The  allowable  unit  stress  is  determined  for  the  column 
section  when  subjected  to  the  entire  load  without  regard  to 
the  eccentricity  of  the  loading. 
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2.  The  allowable  unit  stress  for  the  combined  compression 
and  bendingf  stresses  is  found  by  taking  one  and  one-quarter 
times  the  allowable  unit  stress  for  concentric  loading,  as 
determined  in  the  first  step  of  the  process. 

3.  The  unit  stress  to  which  the  column  is  subjected  by 
the  entire  load  that  it  supports  is  obtained  by  dividing  the 
total  load  on  the  column,  in  pounds,  by  the  sectional  area 
of  the  column,  in  inches.  The  fiber  stress  due  to  the  eccen- 
tric load  is  found  by  dividing  the  product  of  the  eccentrically 
placed  load  and  its  distance  from  the  neutral  axis  of  the  sec- 
tion by  the  section  modulus  of  the  section.  By  adding  these 
two  stresses,  the  maximum  unit  stress  due  to  the  direct  com- 
pressive stress  combined  with  the  unit  stress  created  by  the 
eccentric  load  is  obtained. 

4.  When  the  maximum  unit  stress  due  to  the  combined 
effect  of  the  direct  and  eccentric  loads  is  determined,  and  it 
is  found  to  exceed  the  allowable  unit  stress  due  to  the  com- 
bined compression  and  bending,  as  determined  in  the  second 
step  of  the  process,  the  column  must  be  redesigned. 

5.  In  order  to  determine  the  section  that  it  is  necessary 
to  use  for  the  revised  design  in  case  the  assumed  column 
section  is  not  sufficient,  formula  16  is  employed.  In  this 
formula,  IV,  is  the  equivalent  central  load  that  will  produce 
the  same  stress  on  the  column  section  as  the  combined 
central  and  eccentric  loads.  For  convenience  in  determining 
the  approximate  value  of  C,  used  in  formula  16,  Table  II 
is  given.  If  the  judgment  of  the  designer  dictates  that  the 
loads  require  a  light  column,  the  smaller  values  given  in 
this  table  are  used;  while  if  it  is  indicated  by  the  condi- 
tions of  the  problem  that  a  heavier  column  is  needed, 
the  greater  values  are  employed.  When  the  equivalent 
central  load,  or  W,,  has  thus  been  found,  the  required 
column  may  be  selected  from  the  tables  given  at  the  end  of 
this  Section  and  the  column  designed  accordingly.  For 
instance,  if  a  latticed  channel  column  20  feet  long  is  to  sup- 
port a  load  of  105  tons,  it  is  found  from  Table  XI  under  the 
column  headed  20  Ft.,  that  two  12-inch,  30-pound  channels 
will  be  required  for  the  column. 
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18.  Foi-mulas  for  Eccentric  Lioads. — The  several 
steps  described  in  the  method  of  providing  for  eccentric 
loads  on  columns,  as  explained  in  the  previous  article,  may  be 
expressed  in  the  following  formulas;  the  principal  formula 
for  determining  IV,  is  obtained  as  explained  in  the  evolution 
given  here. 

Let  IVc  =  central,  or  axial,  load; 
IV^  =  eccentric  load; 
W  =  total  load  on  column  =   Wc  -\-  W,; 
W,  =  equivalent  central  load; 

k  =  eccentricity  of  load  W,  =  -; 

c 

A  =  area  of  cross-section  of  column,  in  square  inches; 
r  =  radius  of  gyration  in  direction  of  bending; 
Sea  =  allowable  stress  per  square  inch  for  direct  com- 
pression on  columns; 
sa  =  allowable  stress  per  square  inch  for  combined 

compression  and  bending  =  1.25sca', 
s,   =  unit  stress  due  to  eccentric  load; 
5^  =  direct  unit  stress  per  square  inch  of  section  due 

to  vertical  loads; 
c   =  distance  from  line  passing   through  center   of 

gravity  of  column  section  to  extreme  edge 

of  section,  in  inches; 
V    =  distance  from   eccentric    load    to    line   passing 

through  center  of  gravity  of  column  section, 

in  inches; 


The  bending  moment  M  then  equals  W,  v;    the  resisting 
j.  / 
moment  M^  is  equal  to  -=^  =  5, 5,  in  which  /  is  the  moment 
c 

of  inertia,  with  respect  to  the  neutral  axis,  and  S,  the  section 

modulus,  is  equal  to  - .     Then,  &.%  M  —  M^, 
c 

W.V  =  S,S,  OTS.   =    i^  (15) 
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The  direct  stress  s^  is  — '-^ -.     The  total  stress  then  is 

A 

Sv  +  Se,  and  this  sum  may  equal  Sd  but  must  not  exceed  it. 

Assuming,   therefore,   that   j^  =  j„  +  s,,   and    multiplying 

this  equation  by  A,  we  have  the  greatest  allowable  stress, 

Asd   =   As^-^As..      As   s.   =   JfL±m   and  s,   =   ^, 

A  S  ' 

these    values    may  be   substituted  for  s„  and  s^,  when  the 
equation  will   become  As^  =   W,+  W,  +  ^  ^'^i    Wc  +  W, 

=    W;  therefore,  Asa  =   W+  dJ^_     Substituting  -for  5", 

i>  c 

we    have    As,  =    Pi^+ i^l^  =    W^  W,Avc'   ^^^^^   ^^ 

/  Ic 

c 

numerator  and  denominator  have  been  multiplied  by  c'. 

As   I  =  Ar'',  ^  =  —;  also,  k  =  ~,   as  previously  stated. 
r  I  c 

Arranging    the    equation    in    the    following    form,  Ast  = 

W+   PF«  X  4  X  -  X  f',  and  substituting  -  for  —  and  k  for- 
/       c  r  /  c' 

we  have  As,  =   W+  W,X-,Xk  =   W+  W,  Ck,  after  sub- 

■r 

stituting  C  for  ^.     A,  the  required  area  of  the  column,  then 

r 

equals     ^  +  WX  k    ^^^  ^^         ^  ^    W^WXk 

s^  1.25j„ 

=  r •     Alter  multiplymg  by  s,a,  the  equivalent 

OSca 

central  load   W,  ^  As..  =  i^'A^  +  W,  CkJ^  ^^^  g^^jj^ 

OSca 

W,  =  UW+WXk)  (16) 

Table  II  gives  the  values  of  C  for  various  types  of 
columns.  These  values  are  only  approximate,  and  consider- 
able judgment  must  be  used  in  selecting  them.  They  are 
given  to  aid  the  student  in  finding  any  required  size  of 
column  by  the  formulas  previously  given.  In  the  case  of  the 
two  angles  placed  back  to  back,  C  is  the  value  obtained  by 
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considering  c  as  the  distance  from  the  axis  X  X  X.o  the  back 
of  the  angles,  while  C  is  determined  by  taking  c  as  the  dis- 
tance from  the  axis  X  X  \.o  the  other  extremity. 

19.  In  order  that  a  better  understanding  may  be  had  of  the 
several  operations  in  the  method  of  providing  for  the  eccen- 
tric loading  on  a  column,  the  following  example  is  given: 

Example. — The  22-foot  column  shown  in  Fig.  10,  made  of  foiir 
6-inch  Z  bars  and  one  8"  X  I"  web-plate,  is  loaded  with  190  tons, 
50   tons   of  which   is    applied  ^ 

on  a  bracket  at  a  distance  of 
8f  inches  from  the  center  line 
of  the  column,  (a)  What  will 
be  the  maximum  allowable 
fiber   stress    of    the    column? 

(b)  What  will  be  the  maxi- 
mum fiber  stress  produced 
by  the  loads  on  the  column? 

(c)  How  should  the  column 
be  designed  to  withstand  this 
load? 

Solution. —  [a)  It  is  as- 
sumed that  the  column  is  of 
mild  steel  and  that  the  con- 
ditions of  loading  are  as  desig- 
nated in  Fig.  11.  The  values 
of  the  section  modulus,  radius 
of  gyration,  area,  etc.  are  taken 
from  Table  IX.  In  this  case 
/  =  12  X  22  =  264,  and  r  =  3.74; 

then,-  =  ~  =  70.59,  and  sub- 
r     3.74 

stituting  in  formula  22,  which  is  used  in  the  tables,  Sca  —  15,000  —  57 

X  70.59  =  10,976  lb.,  and   the   maximum   safe   fiber  stress  Sd  under 

eccentric  loading  will  be 

Sea  X  1.25  =  10,976  X  1.25  =  13,720  lb.    Ans. 

{b)     By  formula  15,  in  which  the  load  given  in  tons  is  changed  to 

pounds,  the  fiber  stress  due  to  the   eccentric  load  is 

Wc  -V  W,      190  X  2,000 
=  10,905  lb . ;  the  direct  stress  is  s^-^  - 


Fig. 10 


50  X  2,000  X  81 
76.8 

■  =  10,920  lb. 


A  34.8 

The  maximum  fiber  stress  produced  by  the  loads  is 
10,905  +  10,920  =  21,825  lb.     Ans. 
(f)     This  load  is    much    more  than  the    column   will   safely   sus- 
tain.    Table  II  shows  that  the  approximate  value  of    C  around  the 
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axis  XX  for  Z-bar  columns  varies  from  2.85  to  3;  as  the  column 
required  will  probably  be  large,  3  may  be  assumed  as  the  value  of  C. 
Also,  on  account  of  the  increased  size  of  the  column,  the  value  of  v  is 
assumed  as  8i  instead  of  8f ,  and  c  is  increased  from 
6|  to  6i.  In  the  substitution  in  the  following  formula 
the  load  is  in  tons,  so  that  the  result  is  likewise  in  tons. 
Then, 


fV, 


308.92  T. 


We 


From  Table  XVII  it  is  found  that  a  6-in.  Z-bar  col- 
umn with  a  i^-inch  web-pJate  will  not  be  strong  enough, 

so  that  a   column  with 

!  cover-plates  will  have  to 

be    used.      Referring   to 
j  Table  XVIII,  it  is  found 

; I  that  a  6-in.  Z-bar  column 

I  with  a  web-plate  8"  X  V 
and  cover-plates  Tg"  X  14"  will  have  a  safe  resistance 
of  313  T.,  which  gives  an  excess  of  strength  of  4  T. 
This  column  weighs  191.7  lb.  per  ft.  of  length,  accord- 
ing to  Table  X. 

In  all  such  problems,  the  weight  is  an  important 
factor  and  the  best  designer  will  select  the  lightest 
weight  of  column  consistent  with  the  required  strength.  If  the  design 
is  changed  to  a  plate  and  angle  column,  the  value  of  C,  as  found  in 
Table  II,  is  assumed  as  1.55,  and  substituting  in  the  formula  above, 


Fig.  11 


W, 


=  K 


190  + 50  X  1.55  X 


si; 


232.2  T. 


Assuming  a  plate  and  angle  column  with  a  web-plate  of  12"  X  i" 
and  four  angles  6"  X  4"  X  i"  with  ii  in.  cover-plates,  the  required 
strength  is  found  to  be  234  T.,  which  is  amply  sufficient  to  support  the 
load.  As  this  column  weighs  only  157.5  lb.  per  ft.  against  191.7  lb. 
for  the  Z-bar  column,  a  saving  of  34  lb.  per  ft.,  or  748  lb.  for  each 
column,  is  obtained. 

20.  Columns  With  Several  Eccentric  liOads. — When 
a  column  is  loaded  with  a  number  of  eccentric  loads,  the 
maximum  fiber  stress  is  equal  to  the  algebraic  sum  of  the 
stresses  due  to  the  loads  on  the  column. 

Example. — An  8-inch  channel  column  composed  of  two  8-inch, 
17-pound  channels  and  two  1"  X  10"  cover-plates  is  loaded  with  80  tons, 
which  is  distributed  on  the  brackets  a,  a  and  6,  b,  as  shown  in  Fig.  12; 
what  will  be  the  maximum  stress  due  to  these  loads,  and  at  what  part 
of  the  column  will  it  occur? 
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Solution. — Since  the  maximum  fiber  stress  is  equal  to  the  alge- 
braic sum  of  the  stresses  due  to  the  loads  on  the  column,  it  is  neces- 
sary to  determine  both  the  direct  stress  and  the  stresses  due  to 
eccentric  loads. 

According  to  the  third  step  in  the  method  for  providing  for  eccentric 
loads,  as  described  in  Art.  17  the  stress  due  to  each  eccentric  load  is 
equal  to  its  moment  about  the  central  axis  of  the  column  divided 
by  the  section  modulus  of  the  column  with  respect  to  the  same  axis. 
If  the  moment  of  a  load  on  one  side  of  the  axis  XX  is  considered  as 
being  positive,  the  moment  of  the  load  on  the  other  side  of  the  same 
axis  is  negative.  The  same  is  true  regarding  the  load&  on  each  side 
of  the  axis  Y  Y.  From  Table  VII,  the  section  modulus  for  such  a 
column  about  the  axis  XX  is  98.2  and  about  the  axis  Y  Y  is  53.4. 


X^ 


Fie.  12 


Consequently,    the    algebraic    sum   of  the   stresses    due    to  the    tour 


eccentric  loads  is 


35X7 


15  X  7      20  X  4.9 


10  X  4,9 


==  2.344  T. 


.2  98.2     '       53.4  53.4 

The  unit  stress  due  to  the  direct  load  is  equal  to  the  sum  of  the 
loads  divided  by  the  area  of  the  column  section.  In  this  case,  the  sum 
of  the  loads  =  20  +  35  -f  10  -|-  15  =  80  T.,  and  the  area  of  the  column 
section  found  from  Table  VII  is  30  sq.  in.,  so  that  the  direct  unit 
stress  is  #5  =  2.666,  wlnich,  added  to  the  previous  sum,  equals  2.666 
4-2.344  =  5.01  T.  per  ,sq.  in.,  or  10,020  lb.  This  stress  would  occur 
at  the  corner  between  the  loads  of  20  T.  and  35  T.     Ans. 

21.  Columns  Under  Bending  Stress. — Columns  are 
sometimes  subjected  to  a  direct  bending  stress;  such  cases 
are  met  with  in  columns  supporting  open  sheds,  especially 
where  the  truss  is  braced  against  the  column,  or  the  column 
supports  a  jib  crane.  In  such  cases  the  bending  stress  should 
be  calculated  and  the  column  proportioned  accordingly. 
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Example. — Given  a  column  on  which  a  5-ton  jib  crane  has  been 
attached,  such  as  is  shown  in  Fig.  13  (a) .  If  the  column  is  made  up 
of  four  6"  X  I"  Z  bars,  one  8"  X  f  web-plate,  and  two  14"  X  I"  cover- 
plates,  and  is  221  feet  high  to  the  center  of  bearing  d,  will  it  be  safe? 


Sca/e/  '/MOO/i>. 


Fig.  13 


Solution.— From  Table  X,  we  find  that  the  area  equals  58  sq.  in. 
The  radius  of  gyration  about  axis  XX  is  4.82;  the  'radius  of  gyration 
about  axis  FK  is  3.86;  the  section  modulus,  with  respect  to  axis  XX, 
is  192.2;  the  section  modulus,  with  respect  to  axis  Y  Y,  is  123.5.     In 
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this  case,  c  is  7  in.  in  both  directions.     The  ultimate  strength  per  square 
inchj  by  Gordon's  formula,  Table  I,  for  medium  steel,  pin-connected 

and  fixed  ends  is-w  = TSsVrrToVr  =  41,535  lb. 

"•"  24,000  X  3.86" 

■     Using  a  factor   of   safety  of  4,   the  safe  load  per  square  inch  is 

41  535 

—'-^ —  =  10,384  lb.,  and  for  eccentric  loads  is  10,384  X  1.25  =  12,9801b. 

In  this  case,  the  crane  itself  is  assumed  to  weigh  800  lb.,  half  of 
which  is  concentrated  at  each  end  of  the  I  beam  c.  Resolving  the 
load  into  its  components,  and  considering  the  forces  as  passing  through 
the  centers  of  the  bearings  d,  e,  on  the  column,  it  is  found,  by  the 
triangle  of  forces  at  {b) ,  that  there  is  a  horizontal  thrust  of  24,900  lb. 
due  to  the  load,  10,000  +  400  =  10,400  lb. 

Considering  the  column  as  a  beam  supported  at  a  and  b,  and  that  the 

center  line  of  bearing  d  is  coincident  with  the  center  line  of  the  beam  /, 

then  since  R  :  24,900  =  51  :  252,  the  reaction  R  at  the  base  of  the  column, 

due  to  this  thrust  is  5,039  lb.     The  maximum  stress  on  the  column  is: 

Stress  due  to  direct  load  on  column, 

52  X  2,000  =  1  0  4  0  0  0  lb. 

5  X  2,000  =      1  0  0  0  0  lb. 

800  lb. 

1  14800  lb. 

The  stress  per  square  inch  of  section  =  — —^ —  =  1,979  lb. 

Stress  due  to  bending, 

10,800  X12=      129600  in. -lb. 

5,039  X  201  =  10  12839  in. -lb. 

114  2  4  3  9  in. -lb. 

1  142  439 
The   stress   per    square   inch    due   to    bending   is   then   -^ — =; 

=    ^■1^2'^39    ^    g^g^^  jj^^  ^^^    jj^g    j^j^j  gjj.ggg  jg  J-gyg  _|_  5944^  ^j.  7923  lb. 

Stress  when  the  crane  is  at  right  angles  to  position  shown  in  figure: 
Direct  stress  =      1  9  7  9  lb. 
Bending  stress 

(10,800  X  12)  -H  192.2  =         6  7  5  lb. 
(5,039  X  201)  -^  123.5  =     8201  lb. 
Total  stress  =  10  8  5  5  lb. 
In  this  case,  the  bending  stress  in  the  column  is  around  the  axis 
YY,  when,  according  to  Table  X,  the  section  modulus  5  equals  123.5 
instead  of  192.2,  used  above. 

The  column  will,  therefore,  be  amply  safe  in  both  directions.    Ans. 

22.  Factors  of  Safety.— The  ability  of  a  column  to 
resist  the  transverse  or  bending  stresses  due  to  eccentric 
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loading  decreases  as  its  length  increases,  and  this  ability  is 
less  for  columns  with  round  or  hinged  ends  than  for  those 
with  flat  or  fixed  ends.  For  these  reasons  it  is  good  practice 
to  assume  a  minimum  factor  of  safety  for  the  shortest 
columns  or  struts  and  increase  the  factor  with  .the  increase 
in  length,  making  the  rate  of  increase  greater  for  round  or 
hinged  than  for  flat  or  fixed  ends. 

TABLE    m 
FACTORS    or    SAFETT 


/ 

r 

Fixed 
and 
Flat 

Ends 

Hinged 

Ends 

I 
r 

Fixed 
and 
Flat 

Ends 

Hinged 
Ends 

l_ 
r 

Fixed 
and 
Flat 

Ends 

Hinged 
Ends 

20 

3-2 

3.30 

no 

4.1 

4.6s 

200 

S-O 

6.00 

30 

3-3 

3-45 

120 

4.2 

4.80 

210 

5.1 

6.1S 

40 

3-4 

3.60 

130 

4-3 

4.95 

220 

5-2 

6.30 

50 

3-S 

3.75 

140 

4.4 

5. 10 

230 

5.3 

6.45 

6o 

3.6 

3-90 

ISO 

4.5 

5.25 

240 

5.4 

6.60 

70 

3-7 

4.0s 

160 

4.6 

5.40 

250 

5.5 

6.75 

8o 

3.8 

4.20 

170 

4.7 

s-ss 

260 

S.6 

6.90 

go 

3-9 

4-35 

180 

4.8 

S.70 

270 

5.7 

7.0s 

100 

4.0 

4.50 

190 

4.9 

S.8S 

280 

5.8 

7.20 

Assuming  a  minimum  factor  of  safety  of  3  for  very  short 
struts,  the  factors  prescribed  by  good  practice  for  longer 
struts  with  flat  or  fixed  ends  are  found  by  the  formula 


F=Z\  .01.! 
r 

and  for  struts  with  hinged  ends. 


i^  =  3  +  .015 


/ 


(17) 


(18) 


in  which  F  =  required  factor  of  safety; 
I  =  length  of  strut,  in  inches; 
r  =  least  radius  of  gyration  of  section. 

Example.— What  is  the  least  factor  of  safety  that  should  be  used' 
with:    (a)  a  column  with  flat  ends,  and    (6)  a  column  with  hinged 
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ends,  the  length  of  the  column  being  20  feet,  and  its  least  radius  of 
gyration,  2.5? 

Solution.— (a)  Applying  formula  17,  we  have 

240 
i^  =  3  +  .01  X  5-^  =  3.96,  say  4.    Ans. 


2.5 


{b)    Applying  formula  18, 

F=S+  .015  X 


240 

2.5 


4.44.     Ans. 


Table  III  gives  values  for  the  factor  of  safety  obtained  by 

substituting  different  values  of  -  in  formulas  17  and  18. 

r 


to    20    30    40   so    eo    70    80    90  100,  110  120  13a  140  ISO  leo  170  ISO  ISO  300 

Fig.  14 

These  values  are  for  columns  whose  length  is  as  great  as 
280  times  their  least  radius  of  gyration;  it  is  not,  however, 

good  practice  to  use  a  column  in  which  the  value  of  —  is 

r 

greater  than  150.     Another  condition  to  be  observed  is  that 

the  length  of    the  column  should  not  exceed  45  times  its 

least  dimension. 

23.     Eesults  of  Tests. — Fig.  14  is  a  chart  giving  the 
results  of   tests  on  various    forms   of   structural   columns. 
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The  lines  showingf  the  results  of  the  parabolic  formulas  agree 
with  the  column  tests  to  a  remarkable  degree  of  accuracy. 
This  chart  was  prepared  by  Prof.  J.  B.  Johnson,  in  order 
to  show  how  closely  his  parabolic  formula  agrees  with  the 
tests  made  on  columns. 

The  tests  marked  with  a  circle  indicate  that  the  test  pieces 
were  symmetrical  in  section  with  the  bearing  pin  in  the 
center,  while  those  marked  with  two  concentric  circles  indicate 
that  the  column  tested  was  unsymmetrical  in  section  with  the 
bearing  pin  placed  at  the  center  of  gravity.  The  key  to 
the  marks  used  in  the  chart  is  given  below. 

It  must  not  be  inferred  from  this  chart  that  because 
the  Phoenix  columns  are  among  the  highest  in  their  results 
per  square  inch,  they  are  the  strongest.  It  simply  means 
that  the  columns  tested  were  of  steel  with  flat  ends,  having 

a  value  of  -  varying  from  40  to  130. 


Wrought  iron, 
Watertown  Arsenal 


Symmetrical  sections,  pin  in  center    Q 
Unsymmetrical    sections,    pin    in 
center  of  gravity        ....       @ 


Phoenix X^ 

American I 

Wrought-iron  box a 

Pennsylvania  Railroad  solid  web p-i 

Z  bar "L 

Keystone "*?" 

Steel  latticed  channels DC 


EXAMPLES  FOR  PRACTICE 

1.  What  sate  load,  according  to  Gordon's  formula,  can  be  supported 
by  a  plate  and  angle  column  made  up  of  four  3"  X  2i"  X  i"  angles  and 
one  6"  X  V'  web-plate,  the  length  of  the  Column  being  16  feet  and  the 
ends  being  pin-connected,  using  a  safety  factor  of  4?    Ans.  78,299  lb. 
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2.  Using  the  straight-line  formula,  what  is  the  ultimate  strength 
of  a  16-inch,  304.1-pound  Z-bar  column  of  medium  steel  30  feet  in 
height,  with  flat  ends?  Ans.  3,754,800  lb. 

3.  Calculate  the  allowable  maximum  fiber  stress  under  an  eccentric 
load  of  a  14-inch,  179.5-pound  Z-bar  column  26  feet  long,  with  fixed 
ends,   using    Gordon's   formula 

with  a  factor  of  safety  of  5,  the  |  ||-/j"a'j" 

values  to  be  taken  from  the  tables. 

Ans.  10,562  lb. 

4.  A  plate  and  angle  column  ^~ 
28  feet  long,  fixed  at  the  ends  and 
of  the  general  dimensions  shown 
in  Fig.  15,  is  subjected  to  a  ver- 
tical load  of  150  tons  and  a  direct 
horizontal  thrust  of  6  tons  from  '°' 

tbe  knee  brace  of  a  truss  5  feet  below  its  top,  and  parallel  to  the  web- 
plate  of  the  column.  What  will  be  the  maximum  unit  stress  in  the 
flange  plates  a,  a,  considering  both  the  transverse  and  the  direct  stress? 

Ans.  10,638  lb. 

5.  A  10-inch,  15-pound  channel  column  20  feet  high,  with  square 
ends,  and  having  f-inch  cover-plates,  is  cross-braced  at  one-half  its 
height  in  a  plane  parallel  to  the  plates  of  the  column.  What  is  its 
ultimate  strength,  according  to  the  parabolic  formula?    Ans.  40,275  lb; 


DESIGN  OF  STEEL  COLUMNS 
24.  Different  Column  Sections. — Tables  giving  the 
properties,  dimensions,  and  safe  loads  of  the  common  forms 
of  columns  are  given  at  the  end  of  this  Section,  but  a  few 
remarks  as  to  some  of  the  forms  may  be  of  value  at  this 
time.  The  plate  and  angle  columns  are  especially  adapted 
for  use  when  cranes  or  any  eccentric  loads  are  to  be  placed 
on  the  column,  because  they  may  be  made  so  as  to  stand 
the  strain  without  much  increase  of  weight. 

The  Z  bar,  channel  and  plate,  and  box  columns  are  best 
adapted  to  ordinary  cases  in  building,  where  the  load  is  dis- 
tributed around  the  column. 

The  latticed  channel  column  is  used  where  the  load  is  light. 
The  channels  are  placed  a  certain  distance  apart,  as  shown 
in  the  tables  at  the  end  of  this  Section,  and  are  so  arranged 
that  the  center  of  gravity  of  the  channels  is,  in  both  cases, 
the  same  distance  from  the  center  line  of  the  column. 
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25.  Spacing  of  Lattice  Bars. — In  Table  IV  are  given 
the  necessary  dimensions  for  placing  the  lattice  bars  on  col- 
umns. The  value  of  b  for  various  columns  may  be  found  by 
the  following  formula.  If  /  is  the  width  of  a  flange  of  the 
channels,  then  for  columns  made  with  the  flanges  turned  out, 

b  =  1{^d  (19) 

and  for  columns  made  with  the  flanges  turned  in, 

b  =  D  (20) 

The  values  of  d  and  D  are  given  in  the  tables  of  safe  loads 
for  latticed  channel  columns  at  the  end  of  this  Section,  and 
have  nothing  to  do  with  the  value  d  in  Table  IV. 
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26.  Clearance. — In  designing  columns  with  a  central 
web-plate,  such  as  Z-bar  columns  and  plate  and  angle  col- 
umns, the   outside   edge   of    the    web-plate   should  be   at 
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least  i  inch  back  from  the  faces  of  the  Z  bars  or  angles. 
This  clearance  is  allowed  in  order  to  provide  for  any 
inequality  in  cutting. 

27.  Efficiency  of  Section. — In  order  to  compare  the 
eflficiency  of  the  different  sections,  Fig.  16  has  been  pre- 
pared. This  shows  the  comparative  ultimate  strength  for 
difEerent  lengths  of  five  forms  of  columns.  The  columns 
assumed  are  those  whose  greatest  diameter  is  not  over  17.4 
inches  nor  less  than  15.6  inches,  and  whose  least  outside 
dimension  is  between  12  and  12f  inches.  The  area  of  the 
section  has  been  reduced  to  30  square  inches.  In  other 
words,  the  sections  are  the  same  weight,  about  100  pounds 
per  foot  of  length,  and  have  about  the  same  limiting  extreme 
dimensions  of  cross-section. 

To  ascertain  from  the  diagram  the  ultimate  strength,  in 
tons,  of  a  column  of  a  given  section  and  length,  select  the 
corresponding  length  from  either  of  the  horizontal  rows  of 
numbers  and  follow  the  vertical  line  belonging  to  this  num- 
ber until  it  intersects  the  curve  of  the  column  selected.  The 
value,  in  tons,  of  the  horizontal  line  drawn  through  this  point 
is  ascertained  from  the  vertical  rows  of  numbers.  For 
instance,  it  is  desired  to  find  the  ultimate  strength  of  a 
channel  column,  20  feet  long,  of  the  section  indicated  in 
the  diagram.  On  following  the  -20Tfoot  line,  it  is  seen  to 
have  a  point  of  intersection  that  happens  to  be  common  to 
that  of  the  horizontal  line  representing  660  tons,  which  is 
the  ultimate  strength  of  this  column. 

The  strength  of  a  Phoenix  column  of  the  same  length  is 
seen  to  be  about  693  tons. 

The  ultimate  strength,  in  tons,  has  been  calculated  by 
Gordon's  formula  for  medium  steel  columns  with  fixed  ends. 
This  shows  the  great  economy,  so  far  as  the  weight  is  con- 
cerned, in  the  use  of  the  box  and  round  shapes,  but  the 
advantage  of  weight  is  not  always  the  most  important  consid- 
eration, as  stated  before. 

Further,  this  comparison  has  been  made  on  the  assump- 
tion that  the  load  is  placed  at  the  center  of  gravity  of  the 
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section.  It  does  not  take  into  consideration  the  problem 
of  eccentric  loading,  in  which  case  the  round  column  is  the 
least  economical.  The  advantage  of  the  round-column  sec- 
tion is  realized  where  floor  space  is  desired  and  long  col- 
umns are  indispensable. 
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28.     Column  Splices  and  Connections. — The  excel- 
lence  of  the   detail    design    of    structural  steel  columns    is 

largely  governed  by  the 
experience  and  judgment 
of  the  designer,  and  the 
care  with  which  he  studies 
the  local  conditions  that 
will  be  met  with  in  nearly 
every  new  piece  of  work. 
As  the  strength  of  a 
building  depends  almost 
entirely  on  the  strength 
of  the  beam  connections 
to  the  columns,  great  care 
should  be  taken  in  their 
design.  Rigid  connec- 
tions for  the  floorbeams 
and  girders  at  the  several 
floors,  and  efficient  splice 
connections  between  the 
sections  of  the  columns  on 
the  different  floors  are  of 
the  utmost  importance, 
and  should  be  given  the 
most  careful  attention. 
The  ideal  system  of  col- 
umn construction  would 
be  to  make  the  various  col- 
umns on  the  several  floors 
of  one  continuous  set  of 
sections  running  from  foundation  to  roof.  It  is  evident, 
however,   that  this  is  impossible  in  high  modern-building 


lO'JS 


9  Q 
O  O 
O  O 


^ 


Pig.  17 


Fig.  18 


36 


COLUMNS  AND  STRUTS 


§16 


construction,  and  therefore  the  next  best  thing  is  to  make 
the  spliced  connections  as  rigid  as  possible. 

Columns  may  be  spliced  as  shown  in  Fig.  17.  The  bed- 
plate a  separates  the  two  columns,  and  through  it,  by  means 
of  the  angles  b  b,  the  columns  are  riveted  securely  together; 
they  are  also  additionally  secured  by  means  of  the  two  splice 
plates  c,  c. 
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The  abutting  ends  of  structural  columns  should  be  milled 
or  planed  so  as  to  secure  a  square  and  firm  bearing  and 
obviate  the  danger  of  their  being  thrown  out  of  line  when 
erected. 

Another  very  good  method  of  connecting  two  columns  is 
by  the  use  of  splice  plates  on  all  sides,  thus  doing  away  with 
the  bedplates  or  packing  pieces  between  the  ends;  this  con- 
struction is  shown  in  Fig.  18. 

In  some  cases  the  bedplate  extends  beyond  the  column 
and  forms  a  rest  or  support  for  the  fioorbeams  or  girders. 
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This  is  shown  by  means  of  Fig.  19,  in  which  (a)  is  a 
front  elevation,  (b)  a  plan  view,  and  (c)  a  side  elevation 
of  the  joint.  It  is  here  advisable  to  further  support  the 
bedplate  5  by  a  bracket  c  directly  under  the  bearing  of  the 
beam.  The  beams  are  secured  to  this  bedplate  and  also  to 
the  post  by  means  of  angle  clips  d. 

If,  in  the  same  floor,  the  beams  or  girders  are  of  different 
depths  and  are  at  the  same  level  with  regard  to  the  top 
flange,    the     shallow 


Sway  Brace 


ffiveted  Connection 


beams  may  be  sup- 
ported by  introducing 
cast-iron  blocks  a  be- 
neath them,  as  shown 
in  Fig.  19.  In  this  case 
angle  clips  e  connect 
the  beams  and  column. 

Where  the  floor  gir- 
ders are  of  the  built-up 
plate-girder  type,  there 
is  no  difficulty  in  secur- 
ing a  rigid  connection 
to  the  column.  The 
connection  to  be  recom- 
mended, where  the  ar- 
chitectural features  of 
the  interior  arrange- 
ment of  the  building  do 
hot  interfere,  is  shown 
in  Fig.  20.  This  con- 
nection is  particularly 
efficient  when  the  building  is  high  and  narrow,  and  in 
danger  of  being  acted  on  by  heavy  wind  pressure. 

Other  forms  of  connections,  where  plate  girders  are  the 
principal  supporting  members  of  a  floor  system,  are  shown 
in  Figs.  21  and  22.  In  Fig.  21,  a  filler  c  is  introduced 
because  the  upper  column  is  smaller  ^h|in  the  lower,  and  it 
becomes  necessary  to  pack  between  the  Splice  plates.  It  is, 
however,  preferable  to  pack  equally  on  both  sides  of  the 
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upper  column  whenever  practicable,  as  this  insures  the  central 
axis  of  the  one  column  being  over  the  central  axis  of  the  other. 

29.  Fig.  23,  in  which  (a)  is  a  front  elevation  and  (6)  a 
plan  view,  shows  another  form  of  column  section  made  by 
riveting  together  four  channels  and  two  cover-plates,  which 
makes  a  very  efficient  form  of  section.  There  are  only  four 
rows  of  rivets,  and  the  column  presents  four  good  faces  on 
which  to  form'  connections.  It  will  be  seen  that  a  single 
angle  a  has  been  placed  under  the  10-inch 
I  beam  to  support  it  and  take  the  load.  With 
such  a  light  beam,  this  is  all  that  is  neces- 
sary, but  where  an  18-inch  girder  is  to  be 
connected  on  the  side,  additional  means  must 
be  provided  for  supporting  its  load.  Two 
3"  X  3"  X  'fe"  .angles  d  have  therefore  been 
riveted  directly  under  the  angles  supporting 
the  beam,  in  'order  to 
transmit  the  load  to  the 
column,'  this  size  angle 
having  been  selected  in 
order  to  bring  the  line 
.  of  rivets  directly  under 
A  the  load.  In  making  up 
this  column,  the  brack- 
ets- should  be  riveted  to  the  outside  channel 
before  the  channels  are  riveted  together. 

Fig.  24  shows  a  connection  for  a  heavy 
column,  designed  to  s.upport  an  enormous 
load,  and  at  first  sight  the  connection  seems  very  light,  the 
splice  plate  being  only'i  inch.  The  column  is  made  up  of  four 
angles  with  one  web-plate  and  three  cover-plates  riveted  to 
the  angles  on  two  sides  of  the  column,  'fhe  ends  of  the 
columns  at  such  a  splice  must  be  planed  off  very  accurately 
so  ag  to  give  a  full  bearing,  in  order  to  transmit  the  load 
directly  to  the  center  of  the  column  below.  In  such  a  case, 
the  splice  plates  are  only  used  as  guides  to  hold  the  columns 
in  line,  and  they  bear  no  load.     This  splice  should  be  as  near 
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the  floor  connection  as  possible,  and  not  more  than  25  inches 
above  the  top  of  the  beams. 

A  splice  commonly  used  in  connecting  Phoenix  columns  is 
illustrated  in  Fig.  25,  which  shows  an  eight-section  column 
in  which  filler  plates 
have  been  used.  One 
plate  a,  the  form  of 
which  is  shown  in  the 
elevation  (a),  passes 
directly  through  the  col- 
umn, tying  the  parts  to- 
gether and  forming  a 
web  splice  for  the  floor- 
beam  connections,  as 
shown  in  the  plan  view 
{b).  At  right  angles 
to  this  plate,  two  other 
plates  have  been  placed, 
which  are  riveted  to  the 
first  one  by  means  of 
angles.  These  plates 
greatly  stiffen  and 
strengtBen  the  column, 
but  they  add  inefficient 
material  at  the  center 
of  the  column,  which 
should  be  figured  as  part 
of  the  load  supported. 
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30.  In  Figs.  26  and 
27  are  shown  complete 
detail  working  drawings 
of  the  first-floor  columns 
of  a  building  designed 
according  to  the  best  modern  practice.  Fig.  26  shows  a 
channel  column  to  which  the  floorbeams  are  rigidly  secured 
at  a  considerable  distance  below>the  splice,  which  has  been 
designed  with  a  bedplate  between  the  two  sections.     The 
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splice  could  have  been  made  as  well  by  the  use  of  side-splice 
plates,  similar  to  those  on  the  other  two  sides,  as  previously 
explained,  and  would  possibly  have  been  more  efficient. 
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The  base  of   this  column  gives  very  interesting  details. 
It  is  designed  with  side  plates  to  distribute  the  weight  over 
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the  capstones.  The  load  from  the  column  is  partly  transmit- 
ted to  the  side  plates,  which  again  transmit  the  load  to  the 
5"  X  5"  angles  and  thence  to  the  base  plate.  Part  of  the 
load  is  also  transmitted  to  the  base  plate  through  the  side 
angle  clips  shown  in  the  side  view. 
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In  Fig.  27-  is  shown  a  Z-bar  colttmn,  the  principal  points 
in  the  detail  of  which  are  similar  to  those  in  the  channel- 
bar  column. 

In  each  of  these  examples,  the  shear  on  the  rivets  sup- 
porting the  fioorbeam  brackets  has  been  calculated  to  safely 
sustain  the  load  carried  by  the  floorbeams. 
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All  the  connections  and  splices  to  a  column  should  be 
riveted  together  with  hot  rivets;  this  insures  more  rigidity 
against  wind  pressure  than  can  be  obtained  by  bolted  con- 
nections. 

In  Fig.  28  is  shown  the  usual  method  of  forming  the 
base  for  a  Phoenix  column.  Here  the  web-plates  come  into 
play  by  helping  to  distribute  the  load  equally  over  the  bed- 
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Fig.  28 

plate.     This  base  is  very  strong  and  is  capable  of  sustain- 
ing a  load  of  100  tons,  if  set  in  cement. 

31.  Assembled  Designs. — Fig.  29  gives  an  example 
of  a  column  supporting  the  wall  of  a  building.  In  the 
illustration  (a)  is  a  sectional  plan  taken  along  line  A  B  oi  {c), 
{b)  a  side  elevation  showing  the  surrounding  brickwork  in 
section,  and  (c)  a  front  elevation.  Four  Z  bars  are 
riveted  to  separate  plates  between  which  the  floor  girder 
passes,  forming  a  cantilever  for  the  support  of  the  wall. 
The  advantages  of  this  design  are  that  the  load  supported 
by  this  girder  is  transmitted  practically  to  the  center  of  the 
column,  and  the  walls  may  be  made  so  as  to  balance  the 
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weight  of  the  floors  and  partitions.     This  column  section  is 
very  efficient  for  the  purpose  for  which  it  is  intended. 

Fig.  30  shows  the  details  of  a  channel  and  plate  column 
supporting   two   20-inch   floor   girders   a,  a,  a  12-inch   wall 
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Fig.  29 


beam  b,  and  a  15-inch  floorbeam  c.  An  effort  has  been  made 
to  entirely  eliminate  eccentric  loading,  and  with  this  object 
in   view   a    girder   has    been  placed  on  either  side  of  the 
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column  so  that  the  two  sides  will  receive  equal  loads. 
The  wall  beam  passes  over  the  projecting  ends  of  the  floor 
girders,  the  weight  of  the  wall  being  utilized  to  balance  the 
floor  loads  resting  on  the  girders.  By  this  method  a  very- 
good  design  can  be  obtained. 

Fig.    31    gives    another    example    of    eccentric    loading. 
The  design  has  been  made  with  the  object  of  supporting 


Fig.  i 


the  large  cornice  that  runs  along  the  face  of  the  building, 
the  upper  stories  being  set  back  from  the  line  of  the 
lower  stories,  thereby  necessitating  the  displacement  of  the 
Upper  column. 

In  the  figure,  {a)  is  a  front  elevation,  (b)  a  side  elevation, 
(c)   a  section  taken   al5ng  line  A  B  in  (a),  and   (d)   a  plan 
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view.  The  main  column  b  is  made  up  of  four  8"  X  8"  X  il" 
angles  and  one  17"  X  I"  web-plate,  and  supports  two  32-inch 
wall  girders  h,  h.  Each  of  the  latter  is  made  up  of  four 
6"  X  4"  X  \"  angles,  and  one  31f"  X  t"  web-plate.  Two 
floor  girders  i,  i,  made  up  of  two  15-inch  100-pound  I  beams, 
run  directly  over  the  lower  column  and  support  the  upper 
column  c,  which  is  made  up  of  four  6"  X  6"  X  i"  angles, 
with  one  17"  X  I"  web-plate.  An  important  part  of  the 
structure  is  the  brace  g,  which  is  of  f-inch  plate,  loqated  on 
each  side  of  the  column  b  for  the  purpose  of  connecting  the 
latter  directly  with  the  upper  column  and  also  with  the 
girders  and  the  I  beams.  In  order  to  stiffen  the  I  beams 
sufficiently  to  receive  the  load  of  the  upper  column,  four 
series  of  filler  plates  k^,  k^  have  been  inserted,  which  are 
riveted  securely  to  the  webs  of  the  I  beams,  the  braces  g, 
and  the  angle  stiffeners  of  the  girders  h. 

The  load  from  the  upper  column  is  still  further  distributed 
over  the  I  beams  by  the  use  of  a  1-inch  plate  d  and  the  ver- 
tical web-plate  a.  The  two  girders  are  connected  by  the 
1-inch  vertical  plate  e  and  the  angles  shown,  the  latter  being 
riveted  securely  to  the  upper  flanges  of  the  girders.  In  order 
to  secure  the  girders  /z,  h  still  further  against  turning  over, 
the  t-inch  plates  /  are  riveted  to  the  lower  flanges  of  the 
girders  by  means  of  two  6"  X  4"  X  i"  angles  and  to  the  lower 
column  by  two  4"  X  4"  X  \"  angles.  To  strengthen  the 
connection  between  the  I  beams  and  the  lower  column,  two 
1-inch  plates  m,  n  have  been  riveted  to  the  beams  and  the 
column  connection. 

32.  Columns  for  Power  Houses  and  Shops. — Fig.  32 
is  a  detail  drawing  of  a  column  designed  for  a  power  house, 
in  which  (a)  is  a  front  elevation,  (^)  a  side  elevation,  and 
{c)  a  sectional  plan  taken  on  line  A  B  in  (b).  The  column 
is  one  of  a  series  supporting  an  I  beam.  On  top  of  this 
beam  is  a  T  rail  over  which  the  side  wheels  of  a  50-ton  crane 
may  run.  There  is  a  similar  beam  supported  by  columns  at 
the  other  side  of  the  building  supporting  the  other  end  of 
the  crane.     The  load  to  which  the  column  will  be  subjected 
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from  the  crane  is  25  tons.  The  column  supports  also  an 
upper  column,  which  in  turn  supports  the  roof  and  carries 
about  12  tons.     Its  section  is  made  up  of  four  &'  X  3i"  X  i" 

angles,  two  28"  X  f"  web-plates, 
and  two  16"  X  f"  cover-plates. 
For  the  purpose  of  strengthening 
the  lower  column  for  the  load  of 
the  upper  column,  a  diaphragm 
has  been  inserted  in  the  interior  of 
the  lower  column  directly  under 
the  plinth  plate.  This  helps  to 
distribute  the  load  of  the  upper  col- 
umn more  evenly  over  the  whole 
of  the  lower  column.  The  dia- 
phragm consists  of  a  vertical  plate 
stiffened  by  two  angles  riveted  to 
its  sides.  Under  the  plate  girder 
that  supports  the  track  for  the 
crane,  is  a  vertical  web  brace, 
which  acts  as  a  bracket  for  the 
crane  and  also  as  a  connection  for 
the  cross-bracing  that  is  inserted 
between  adjacent  columns. 

Fig.  33  shows  the  connections 
between  the  post  a  and  one  of  the 
adjoining  posts.  In  this  figure  b 
c  a  smaller  one  that  connects  the 
post  a  rigidly  with  adjoining  posts  on  either  side;  d  is  a 
cross-brace  and  e  an  additional  longitudinal  brace.  The 
columns  have  a  clear  height  of  44  feet,  but  by  reason  of 
being  cross-braced  to  the  adjacent  columns,  the  effective- 
height  is  only  22  feet. 

Example. — Given  the  case  shown  in  Figs  32  and  33;  using  Gordon's 
formula:  {a)  what  is  the  maximum  fiber  stress?  {6)  what  load  will  the 
column  be  able  to  carry,  using  a  factor  of  safety  of  5? 

SoLDTioN.  —  {a)  The  moment  of  inertia  of  the  column  about  the 
short  axis  through  the  center  of  the  column  and  parallel  with  the 
I  beams  is: 


Fig.  33 

is  the  main  I  beam  and 
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Moment  of  inertia  of  two  web-plates  28"  X  f"  =  2  X  686  ..1372 
Moment  of  inertia  of  four  6"  X  3i"  X  I"  angles,  4(20.08  +  5.55 

X  11.87') 3208 

Moment  of  inertia  of  two  16"  X  I"  plates,  2 (.5625  +  12  X  Ui')     4  9  6  0 
Total  moment  of  inertia 9540 

The  area  of  the  column  section  is  as  follows: 

Two  28"  X  f  plates 2  1.0  sq.  in. 

Four  6"  X  Si"  X  ¥'  angles 2  2.2  sq.  in. 

Two  16"  X  f"  plates 2  4.0  sq.  in. 

6  7.2  sq.  in. 

The  distance  from  the  neutral  axis  to  the  extreme  fiber  is  14f  in.; 

9  540 
then  the  section  modulus  is  5  =     '  ^    =  647. 

14-4 

^u  •  cu        .  .    25  X  14*  -  12  X  7    ,     37  „.„  _ 

The  maximum  fiber  stress  is  jrn, r  Tr^rs  =  .9907  T. 

04/  o/.J 

per  sq.  in.  =  1,981.4  lb.  per  sq.  in.    Ans. 

{6)     The  radius  of  gyration  about  the  short  axis  is  >-  =  -v)  '       ,  or 

,       9,540 

r    = 

67.2 

The  moment  of  inertia  of  the  column  about  the  long  axis,  at  right 

angles  to  the  I  beams  is  as  follows: 

Moment  of  inertia  of  two  web-plates,  2(.123  -f  lOi  X  4-,V)  •  3  9  0.8  0 
Moment  of  inertia  of  four  angles,  4(5.08  -I-  5.55  X  5.38')  .  .  6  6  2.8  8 
Moment  of  inertia  of  two  plates  16"  X  J"  =  2  X  256      ...     5  1  2.0  0 

Total  moment  of  inertia 15  6  5.68 

Using  Gordon's  formula  for  medium  steel  and  for  flat-ended  columns, 
50,000  _  50,000  _ 

"  =        (44^12^"  ~  r:o8i8  -  ^^'^^^  ^^- 

Q  540 
24,000  X  -^ 

This  is  the  breaking  strength  calculated  with  the  shorter  axis  as  the 
base  of  the  calculations.  The  strength  of  the  column  about  the  longer 
axis  may  be  determined  as  follows:  Since  the  column  is  cross-braced  at 
the  middle  in  this  direction,  it  is  assumed  to  act  as  a  column  only  half 
its  height.  The  ultimate  strength  per  square  inch,  therefore,  is 
50,000  _  50,000  _       ,g,  ,. 

«  = "(22X12)^  "    1-124   ~      ■ 

^"^  1^565 

24,000  X  -^Y 

The  column  therefore  is  weakest  about  this  axis  and  its  safe  load 
.Will  be  44,484  X  67.2  ^  gg^^gg  j^      ^^^ 
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33.  Tables  Giving  the  Strength  and  Properties  of 
Steel  Columns. — The  following  tables  giving  the  safe 
load,  in  tons,  for  the  usual  column  sections,  will  be  found 
convenient  in  selecting  structural  steel  columns  for  a  deter- 
mined load.  The  values  in  these  tables  have  been  calculated 
from  the  following  formulas: 

12,000  for  lengths  up  to  50  radii  of 
gyration  (21) 


Sea  for  medium  steel  = 


Sea  for  soft  steel  = 


15,000  -   57-  for  lengths  over  50 
r 

radii  (22) 

12,000  for  lengths  up  to  30  radii  of 

gyration  (23) 

50-  for  lengths  over  30 
r 


13,500 
radii 


(24) 


These  formulas  embody  their  own  factor  of  safety,  which 
varies  from  4  to  5.  The  tables  for  safe  loads  on  I-beam 
columns  have  been  calculated  for  soft  steel.  The  tables  of 
safe  loads  for  plate  and  angle  columns,  channel  and  plate 
columns,  and  Z-bar  columns  have  been  calculated  for  medium 
steel,  which  is  the  grade  of  steel  that  it  is  advisable  to  use 
for  such  columns. 


TABLE  V 
PROPERTIES    OP    STEEL,    PLATE-AND-ANGLE    COLUMNS 

T 


ss 

a  a>  co' 

a  u 

t*-i    <u 

Axis  XX 

Axis  y  y 

a. 2 

dXi 

gS 

0  5  « 

PXi 

ss 

0  5    W 

CJCO 

o  !3 

0).  cr 

■Sgn 

So 

=  1 

cog 

12.09 

|2" 
«t5 

cog 

So" 

t    ^ 

i 

6.74 

22.9 

36-3 

2.32 

10.4 

3.32 

1.24 

^^s^ 

VV 

8.52 

29.0 

44-6 

14-87 

2.29 

13.6 

4.24 

1.26 

SiH.  fciv 

T^ 

II  71 

.39-8 

59-0 

19.68 

2.25 

21. 1 

6.42 

1-34 

O         >, 

2^ 

13.00 

44-2 

64.6 

21-53 

2.23 

24.7 

7.60 

1-38 

4 

7-51 

25-5 

58.3 

16.65 

2.78 

16. 1 

4-43 

1.46 

5ii    b^ 
rs^    O  '^ 

(Ufl.  fax 

6 
1  6 

9-43 

32.1 

71-9 

20,55 

2.76 

20.8 

5-59 

1-49 

T^ 

12.98 

44-1 

95-8 

27-38 

2.72 

30.8 

8.15 

i-54 

o       :*, 

■A 

14-50 

49-3 

105. 1 

30.02 

2.69 

36.3 

9.69 

1-58 

1% 

10.86 

36-9 

107-5 

26.88 

3-14 

30.3 

7.30 

1.67 

1     ^. 

* 

13.12 

44.6 

128.5 

32.13 

3.13 

37-4 

8.79 

1.69 

^^>< 

7 
T6 

14.98 

50-9 

144.6 

36-15 

3-" 

44.4 

10.54 

1.72 

"*;?  ^ 

^ 

17.24 

58-6 

163.5 

40.88 

3 -08 

53-1 

12.29 

1-75 

O       0 
o 

fa 

-,^ 

19.50 

66.3 

182.9 

45-73 

3-06 

61.9 

14.04 

1.78 

5 

"8 

20.92 

71. 1 

193-5 

48.38 

3-04 

69.1 

16.04 

1.82 

CO 

■A 

II. 81 

40.1 

154-2 

34-26 

3.62 

42.6 

9-15 

1.90 

s    "'^ 

f 

14.22 

48-3 

183-5 

40.78 

3-59 

52.9 

II. 13 

1.93 

0  0)    w 

7 
T6 

16.30 

55-5 

207.5 

46.12 

3-57 

63.1 

13-37 

1-97 

* 

18.74 

63-7 

235-9 

52-44 

3-55 

75-3 

15-64 

2.01 

o     3 

O 
fa 

5 

21.18 
22.83 

72.0 
77.6 

263.0 
279.1 

58.44 
62.24 

3-52 
3-50 

87-9 
99-0 

17.90 
20.57 

2.04 
2.08 

1^ 

12.73 

43-3 

211. 8 

42.36 

4.08 

57-6 

II. 16 

2.13 

o      t 

i 

15-35 

52.2 

252  7 

50-54 

4.06 

71.9 

13-68 

2.17 

A-S  X 

T^ 

17.62 

59-9 

286.4 

57.28 

4-03 

85-9 

16.46 

2.21 

"E  ^1 

^ 

20.24 

68.8 

326.0 

65.20 

4.01 

102.2 

19.22 

2.25 

S     ^ 

T^ 

22.35 

76.0 

355-7 

71.14 

4.00 

118. 1 

22.36 

2.29 

C4 

t 

24.97 

84-9 

392-3 

78-46 

3-97 

136.6 

25-43 

2.34 

n 

3 

18.94 

64.4 

443-6 

73-37 

4-85 

119. 6 

19.34 

2.51 

fl       -" 

T^ 

22.17 

75-4 

513-6 

85.60 

4.81 

144-5 

23.03 

2.55 

Oj,V 

V 

25-44 

86.5 

584-5 

97.42 

4.80 

171-8 

26.96 

2.60 

Is? 

T*ir 

28.67 

97-5 

651-0 

108.5 

4-77 

199.7 

30.91 

2.64 

©P4    ^ 

•f 

30.94 

104.9 

693-4 

115. 6 

4-75 

223.4 

35.39 

2.69 

o     g 

t 

34-17 
37-44 

116. 2 
127-3 

760.1 
825-3 

126.8 
137.6 

4.72 
4.70 

255.7 
288.7 

39.88 
44-44 

2.73 
2,78 
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TABLE  VI 

PROPERTIES    OF    STEEL    PLATE-AND-ANGLE    COLUMNS 
WITH    COVER-PLATES 


"o  " 

9  » 

Axis  XX 

Axis  y  y 

u  a 

pi 
III 

^(3 

S  3 

<!  to 

.C.S  t. 

!>  3 

S.2 
St 

O  0} 
U«3 

£■•2 

Is 

o>-i 

H 

lis 
111 

as 

OH 

Si 

lis 

-Ho  -g 

\ 

41-44 

140.9 

1,129 

174.0 

5-22 

366.1 

56.32 

2.98 

o 

A 

43.07 

146.5 

1,199 

182.6 

5-27 

389-0 

59.84 

3.00 

•a 

f. 

44.69 

152-0 

1,269 

192.0 

5-33 

411. 8 

■63.36 

.3.04 

>'^ 

ii 

46.32 

157-5 

1,340 

200.3 

5-38 

434.7 

66.88 

3.07 

■gss 

4 

47-94 

163.0 

1,415 

209.8 

5-44 

457.6 

70.40 

3.10 

i^l 

49:57 

168.5 

1,492 

219-3 

5-49 

480.5 

73.92 

3.12 

1 

51-19 

174.0 

1,563 

227.2 

5-52 

503.4 

77.44 

3.14 

16 

52.82 

179.6 

1,642 

237.0 

5-59 

526.2 

81.00 

3.16 

I 

54-44 

185.1 

1,723 

246.0 

5-64 

■   549.1 

84.48 

3.18 

xXiS 

IT^ 

56.07 

190.6 

1,803 

256.1 

5-68 

572.0 

88.00 

3.20 

\0   ^    (in 

'\ 

57-69 

196.2 

1,884 

264.9 

5-72 

594.9 

91.52 

3.22 

Ss> 

n% 

59-32 

201.7 

1,965 

274.3 

5-75 

617.8 

95-04 

3-23 

o 

'% 

60.94 

207.2 

2,050 

283.2 

5.80 

640.6 

98.56 

3-25 

ii% 

62.57 

212.8 

2,143 

292.7 

5-85 

663.5 

102. 1 

3.26 

1 

if 

64.19 

218.3 

2,224 

301.8 

5-88 

686.4 

105.6 

3.27 

11% 

65.82 

223.8 

2,311 

311. 2 

5-93 

709.3 

109. 1 

3.29 

i^ 

67.44 

229.3 

■.2,406 

321.3 

5-98 

732.2 

112. 6 

3.30 

i 

53-94 

183.2 

1,981 

264.1 

6.05 

569.5 

75-93 

3.25 

(U 

•^ 

55.82 

189.8 

2,088 

276.2 

6.12 

604.6 

80.61 

3.30 

«  a>  m 

B. 

57-69 

196. 1 

2,195 

288.3 

6.17 

639.8 

85-30 

3.33 

f" 

59-57 

202.6 

2,304 

299.8 

6.22 

674.9 

89.98 

3-37 

tiii  m  (1) 

'4 

61.44 

208.8 

2,417 

312.8 

6.28 

710. 1 

94.66 

3.40 

<%t 

F 

63.32 

215-3 

2,533 

325-3 

6.32 

745.2 

99-36 

3-44 

xr« 

1 

65.19 

221.6 

2,645 

336.2 

6.36 

780.4 

104.0 

3-46 

tI 

67.07 

228.1 

2,765 

349-4 

6.41 

815.5 

108.7 

3-49 

'*s 

I 

68.94 

234-4 

2,885 

361-4 

6.48 

850.7 

113. 4 

3-52 

.x?S 

i-re 

70.82 

240.8 

3,004 

373-2 

6.51 

885.9 

118. 1 

3-54 

^  ^s 

i-i 

72.69 

247.1 

3,131 

386.1 

6.57 

921.0 

122.8 

3-56 

b  m  > 
3  fl  5 

i-nr 

74-57 

253.6 

3,251 

398.4 

6.61 

956.2 

127.5 

3.58 

£o(3 

li 

76.44 

259-9 

3,383 

409-7 

6.66 

991.3 

132-2 

3.60 

1 

78.32 

266.3 

3,510 

421.6 

6.70 

1,026.5 

136.9 

3.62 

if 

80.19 

272.6 

3,635 

437-3 

6.74 

1,061.6 

141-5 

3-64 

IlTi 

82.07 

279.1 

3,770 

448.2 

6.79 

1,096.8 

146  2 

3-66 

l¥ 

83-94 

285-4 

3,903 

459-9 

6.83 

1,132.0 

150.9 

3-68 
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TABLE   VII 
PROPERTIES    OF    STEEL    CHANNEL,    COLUMNS 


X 

X 


a 

IJ 

oo) 

Is 

0 
0 

Axis  X.Y 

Axis  y  y 

o 

W-Sfc, 

*J   ^ 

•S-SE^ 

•» 

Q 

ill 
•IS" 

CO  ►=! 

CO     M 
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m 

0. 

0 

as 

ll 
II 
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0 
g'-S 

It 

cog 

o 

8 

i 

8.70 
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64.0 

19.9 

2.72 

46.7 

II. 7 

2.31 

& 

lO 

i 
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68.1 
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lO 

5 
1  8 
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14.0 

2.27 

10 

t 
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40.4 
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26.6 
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a  0.^ 

12 

f 
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12 

7 
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12 

i 
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2.35 
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15 
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15 
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15 

5 
8 
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152.0 

42.1 
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17 
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8 
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17 

H 
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2.37 
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17 
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17 
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17 

1 
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56.0 

3.02 
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17 

if 
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H 

17 
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A 
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3.23 
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13 
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64.4 
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29.6 

2.72 
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8 
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72.1 
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55-3 
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3-28 
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247.0 
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3-33 
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7 

"8 
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3-47 
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ee 
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TABLE  VII — {Continued) 


X. 
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16.4 
17.6 
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22.5 

23-7 
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26.2 

27-5 
28.7 
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14-5 
15-9 
17.7 
19.0 
20.4 
23-4 
24.8 
26.1 

27-5 
28.9 

30.3 
31.6 

33-0 
34-4 
35-8 
37-1 
38.5 
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CM 


37-4 
41.7 
47.1 
51-3 
55-6 
59-8 
67.9 
72.1 
76.4 
80.7 
84.9 
89.1 
93-4 
97.6 
loi.g 


Axis  XX 


49-2 
53-9 
60.0 
64.7 
69.4 

79-5 
84.2 
88.8 

93-5 

98.2 

102.9 

107.5 
112. 2 
116. g 
121. 6 
126.2 
130.9 
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ex: 

OM 
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,  164 
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203 
227 
252 
265 
290 
317 
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566 
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■2-3 

0}  o 


33-3 
38.1 
41.6 
46.3 
51.2 
56.1 
58.7 
63.8 
68.2 

73-3 
78.2 
83.1 
88.3 
93-1 
98.2 


49.8 

55-7 

60.5 

66.7 

72.8 

76.6 

82.5 

88.3 

94.0 
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125.0 

131-0 

137-0 
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«Ti     <l> 


3-58 
3-66 

3-59 
3-66 

3-73 

3-79 
3-64 
3-70 
3-76 
3.81 
3-86 
3-91 
3-96 
4.00 
4.04 


4.07 
4.14 
4:09 
4.16 
4-23 
4-05 
4. II 
4.16 
4.21 
4.27 
4-33 
4-38 
4-43 
4-47 
4-50 
4-55 
4.60 
4.64 


Axis  YY 


OM 


o  0 

"  o  w 

m-r-  <D 

"^  si  C 


107 
118 
136 
147 
157 
167 
184 
194 
205 
215 
225 
236 
246 

257 
267 


21.5 
23.6 
27.3 

29-3 
31-4 
33-5 
36.8 
39-0 
40.9 
43-0 
45-2 
47-2 
49-3 
51-4 
53-4 


167 
181 
208 
222 
236 
259 

273 
-287 
300 
314 
328 
342 
356 
370 
383 
397 
411 

425 


30-4 
32.9 
37-8 
40.3 
42.9 
47.0 
49-5 
52.1 
54-6 
57-0 
59-6 
62.2 
64.8 

67-3 
69.6 
72.2 
74-8 
77-3 


3-12 

3-09 
3-14 
3.12 
3.10 
3.08 
3-04 
3-03 
3.02 
3.02 
3.02 
3.00 
2.99 
2.99 
2.99 


3-40 

3-38 

3-43 

3-41 

3-41 

-33 

■32 

■31 

-30 

-30 

.29 

.29 

.28 

.28 

3-27 

3-27 

3-27 

3-27 
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TABLE  VII — {Continued) 


d 

J3       o 

"o  S 

.2  S 

1   ai 

o'2 

Axis  A-X 

Axis  y  y 

01  net, 

u-i  0)  CD 

oca 
t;  5  " 

t;-g 
°  s 

^  1 

•n.S  I- 
bti  ^  oi 

% 

Q 

0 
V  U 

§1 

<u  0 

cog 

•12  1 

0 

is 

0)  0 

mg 

12" 

Cfl 

15 

^ 

16.3 

56.8 

336 

63.2 

4-49 

227 

37-9 

3-69 

rt 

15 

3 

18.2 

61.9 

377 

70.2 

4 

55 

245 

40.9 

3-67 

0^ 

20 

a. 

20.3 

70.7 

412 

77-0 

4 

46 

286 

47-7 

3-71 

k 

20 

1^ 

22.3 

.75-8 

457 

84.0 

4 

53 

304 

50.7 

3-69 

i| 

20 

I 

23.8 

80. 9 

502 

91-5 

4 

60 

322 

53-7 

3-68 

25 

i 

26.7 

90.8 

526 

95-8 

4 

45 

348 

58.0 

3-61 

•3     O 

25    . 

A 

28.2 

95-9 

572 

103.0 

4 

51 

366 

61. 1 

3.61 

25 

5 
8 

29.7 

lOI.O 

619 

IIO.O 

4 

56 

384 

64.0 

3-60 

30 

f 

32.6 

no. 9 

643 

114. 0 

4 

44 

408 

68.0 

3-54 

30 

1  1 

IB 

34.1 

116. 0 

691 

122.0 

4 

50 

426 

71.0 

3^53 

30 

3. 
4 

35-6 

121. 1 

740 

129.0 

4 

56 

444 

74-0 

3-53 

30 

if 

37.1 

126.2 

790 

136.0 

4 

62 

462 

77-0 

3-53 

30 

7 

8 

38.6 

131-3 

841 

144.0 

4 

68 

480 

80.0 

3-53 

30 

16 

40.1 

136.4 

893 

150.0 

4 

73 

498 

83.0 

3-52 

30 

I 

41.6 

141-5 

949 

158.0 

4 

78 

516 

86.0 

3-52 

l-H 

30 

I* 

44.6 

151-7 

1,059 

172.0 

4 

87 

552 

92.0 

3-52 

o 

(I 

30 

li 

47.6 

161. 9 

1. 173 

188.0 

4 

97 

588 

98. 0 

3-51 

o 

30 

If 

50.6 

172. 1 

1,292 

203.0 

5 

05 

624 

104.0 

3-51 

t^ 

30 

I* 

53.6 

182.3 

1,416 

217.0 

5 

14 

660 

IIO.O 

3-51 

20 

f 

22.3 

75.8 

650 

102.0 

5 

40 

429 

61.3 

4-39 

L 

20 

7 

Te 

24.1 

81.8 

724 

112. 0 

5 

48 

457 

65-3 

4-36 

> 

25 

A 

27.1 

91.9 

760 

118. 0 

5 

30 

505 

72-1 

4-31 

o 
O 

25 

i 

28.8 

97-9 

833 

128.0. 

5 

38 

534 

76-3 

4-31 

a  o 

1^1 

30 

i 
2 

31.6 

107.4 

891 

I37-0 

5 

32 

600 

85-7 

4-36 

30 

-^ 

33.4 

113-4 

964 

147.0 

5 

37 

628 

89.7 

4-34 

o  ■a^ 

30 

- 

35-1 

119-3 

1,043 

157.0 

5 

45 

657 

93-9 

4-33 

^«S 

30 

1 
6 

36.9 

125-3 

1,118 

168.0 

5 

51 

686 

98.0 

4-31 

0)    OJJS 

30 

38.6 

131-3 

1,198 

178.0 

5 

57 

714 

102.0 

4-30 

§1" 

35 

■5- 

41.6 

141-5 

1,234 

183.0 

5 

44 

753 

108.0 

4.25 

sl^ 

35 

^ 

43-4 

147-4 

1,316 

193-0 

5 

50 

782 

112. 0 

4-25 

■g'-'S 

35 

45.1 

153-3 

1,396 

204.0 

5 

56 

810 

116. 0 

4.24 

1^3 

35 

-^ 

46.9 

159-3 

1,482 

214.0 

5 

63 

840 

120.0 

4-24 

Afifc 

35 

I 

48.6 

165.2 

1,565 

224.0 

5 

68 

867 

124.0 

4.22 

"  A 

35 

li 

'(2.1 

177-2 

1,742 

245.0 

5 

79 

925 

132.0 

4.21 

o 

35 

li 

55-6 

189.0 

1,922 

266.0 

5 

90 

981 

140.0 

4.21 

35 

if 

591 

200.9 

2,105 

287.0 

5 

98 

1,039 

148.0 

4-19 

35 

li 

62.6 

212.7 

2,302 

308.0 

6 

08 

1,096 

157-0 

4.19 
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TABLE  VII — {Continued) 


X 

i- 

a    „ 

Axis  XX 

Axis  Y  Y 

0-3 

0  (U 

ill 
j=  0 

HO 

<u   a 
OS 

^«1 

S     0 
a     ° 

5   - 

«-.  C  ft 

1  £ 

o 
"S 

a 

m 

0 

•*4 

a  a 

Oi-I 

§1 
-j2  a 

0)  0 

lis 

So" 

0 
as 

<D  0 

mg 

lis 

33 

1 

2 

36-4 

123.8 

1,630 

204 

6.69 

1,084 

128 

5-46 

33 

T^ 

38.5 

131. 0 

1,767 

219 

6.77 

1,136 

134 

5-43 

g 

35 

g 

39-7 

135-2 

1,789 

222 

6.71 

1,166 

137 

5-42 

1  = 

35 

1 

41.9 

142.3 

1,928 

237 

6.79 

1,217 

143 

5-39 

■"hI 

40 

1 

44.9 

152-5 

1,983 

244 

6.65 

1,288 

-152 

5-36 

-1^ 

40 

li 

IB 

47.0 

159-7 

■z ,  1 24 

259 

6.72 

1,339 

158 

5-34 

'^11 

45 

ii 

49.8 

169-3 

2,180 

266 

6.62 

1,405 

165 

5-31 

a"3  " 

a  gs 

45 

f 

51-9 

176-5 

2,324 

282 

6.69 

^,456 

171 

5-30 

3   «  t- 

50 

f 

54-9 

186.7 

2,379 

288 

6.58 

1,525 

179 

5-27 

oSg 

50 

13 

57-0 

193-9 

2,527 

304 

6.66 

1,576 

185 

5.26 

50 

1 

59-2 

201. 1 

2,673 

319 

6.72 

1,627 

191 

5-24 

50 

it 

61.3 

208.4 

2,822 

335 

6.79 

1,678 

197 

5-23 

50 

I 

63-4 

215.6 

2,975 

350 

6.85 

1,730 

203 

5-22 

|h 

50 

I* 

67.7 

230.0 

3.288 

381 

6-97 

1,832 

216 

5-21 

M 

50 

li 

71.9 

244.5 

3,608 

412 

7.08 

1,934 

228 

5-19 

50 

if 

76.2 

258.9 

3,938 

444 

7.19 

2,037 

240 

5-17 

50 

il 

80.4 

273-4 

4,278 

475 

7-30 

2,139 

252 

5.1b 
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TABLE  VIII 
PROPERTIES    OF    HEAVY    STEEL    CHANNEL,    COLUMNS 


X 


, 

H 

Axis  XX 

Axis  yy 

> 

o 

■T    CD 

So 
B  0 

g 

O 

o  ■« 

Ota 

a 
bo 
'5 

5  C3 

a. 2 
-St; 

O  D 

O  0)    « 

SE5 

3  ^ 
OS 

0 

11 

■^ 

0   fl 

0 

Si 

So 

0  'O 
1>  0 

'o  0 
0   « 

a 

Q 

^<s 

2  5 

mg 

So" 

tog 

«5" 

5  ■ 

4 

49.1 

167.0 

831 

145 

4. II 

522, 

87 

3.26 

■fli 

it 

50.6 

172  I 

881 

152 

4 

18 

540 

90 

3-27 

S 

1 

52.1 

177  2 

932 

159 

4 

23 

558 

93 

3-27 

o 

H 

53.6 

182.3 

985 

166 

4 

30 

576 

96 

3.28 

I 

55  I 

187.4 

1,039 

173 

4 

35 

594 

99 

3-28 

^ 

B          (A 

li 

58.1 

197.6 

1,149 

188 

4 

45 

'    630 

105 

3-29 

*5 

3  N  0) 

li 

61. 1 

207.8 

1,264 

203 

4 

55 

666 

III 

3-3° 

1  (1)P^ 

if 

64.1 

218.0 

1,384 

218 

4 

65 

702 

117 

3-31 

01  o 

"5-? 

i4 

67.1 

228.2 

1,507 

233 

4 

75 

738 

123 

3-31 

« 

1?^ 

I* 

70.1 

238.4 

1,637 

247 

4 

84 

774 

I2g 

3-32 

m 

il 

73-1 

248.6 

1,766 

263 

4 

92 

810 

135 

3-33 

A 

u 

-r^^ 

rl 

76,1 

258.8 

1,910 

279 

5 

00 

846 

141 

3-33 

1 

2 

79.1 

269.0 

2,057 

293 

5 

10 

882 

147 

3-34 

o 

2i 

82.1 

279.2 

2,208 

3" 

5 

19 

918 

153 

334 

2i 

85.1 

289.4 

2,361 

326 

5 

27 

954 

159 

3-34 

"0  « 

f 

58.1 

197.6 

1,402 

208 

4 

91 

927 

132 

3-99 

^ 

H 

59-9 

203.5 

1,478 

217 

4 

97 

956 

136 

3-99 

4> 

a 

1 

61.6 

209.4 

1,563 

228 

5 

05 

985 

141 

4.00 

§ 

it 

63.4 

215.4 

1,646 

237 

5 

10 

1,013 

145 

4.00 

u-g5 

I 

65.1 

221.3 

1,729 

247 

5 

15 

1,041 

149 

4.00 

>» 

?"" 

li 

68.6 

233-3 

1,907 

268 

5 

28 

1,099 

157 

4.00 

i'l 

li 

72.1 

245.1 

2,090 

288 

5 

38 

1,156 

165 

4.01 

it 

75-6 

257.0 

2,272 

309 

5 

49 

1,213 

173 

4.01 

jsft.  a! 

li 

79.1 

269.0 

2,466 

329 

5 

59 

1,271 

181 

4.01 

i# 

82.6 

280.8 

2,665 

349 

5 

69 

1,328 

189 

4.02 

w 

i| 

86.1 

292.7 

2,876 

371 

5 

78 

1,385 

198 

4.02 

1 

^51 

il 

89.6 

304.7 

3,081 

391 

5 

86 

1,442 

206 

4.02 

Q 

o"e 

2 

93.1 

316.5 

3,313 

415 

5 

97 

1,499 

214 

4.02 

W 

2i 

96.6 

328.4 

3,538 

435 

6 

05 

1,557 

222 

4.02 

2i 

100. 1 

340.4 

3,773 

458 

6 

15 

1,614 

231 

4.02 
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§16 


i 

a 

Axis  XX 

Axis  Y  Y 

% 

S    » 

So 

s 

o 

.2  " 

a  0 

.2 

CD 

Q 

c3  a 

a. 2 

O  0) 
CJCO 

u 

u-l  Cfl      O 

1 

o  E 

§6. 

0 

si 

cog 

0  G 
"  0    « 
m-r;    0) 

ex: 

a;  0 
cog 

lis 

«C5 

3 

4 

75-9 

258.1 

2,722 

330 

5-99 

1,920 

226 

5-03 

it 

,  78.0 

265.3 

2,870 

345 

6.06 

1,971 

232 

5 

03 

«a5 

s 

80.2 

272.5 

3,016 

360 

6.14 

2,022 

238 

S 

02 

a 
S 

If 

82.3 

279.8 

3.165 

375 

6.20 

2,074 

244 

5 

02 

fl 

3?id 

84.4 

287.0 

3,318 

390 

6.27 

2,125 

250 

5 

02 

■On  - 

,1 
I"8 

88.7 

301.4 

3,631 

420 

6.40 

2,227 

262 

5 

01 

S"« 

li 

92.9 

315-9 

3,951 

452 

6.52 

2,330 

274 

5 

01 

1^ 

•i;!?^ 

li 

97.2 

330.3 

4,281 

482 

6.64 

2,432 

286 

5 

00 

^s« 

li 

101.4. 

344-8 

4,621 

513 

6.75 

2,534 

298 

5 

00 

CJ 

•■4 

105.7 
109.9 

359-2 
373.7 

4,970 
5,328 

545 
576 

6.86 
6.96 

2,637 
2,739 

310 
322 

5 
4 

00 
99 

^^1 

li 

114. 2 

388.1 

5,696 

608 

7.06 

2,841 

334 

4 

99 

2 

118,4 

402.6 

6,075 

640 

7.16 

2,944 

346 

4 

99 

2i 

12,2.7 

417.0 

6,463 

672 

7.26 

3.046 

358 

4 

98 

2i 

126.9 

431.5 

6,864 

704 

7-36 

3,148 

370 

4 

98 
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TABLE  IX 
PROPERTIES     AND     DIMENSIONS     OF     STANDARD     Z-BAR     COLUMNS 


a 

o  n 

tJo 
eg" 

[fl  <s  rt 

is 

to  " 

M    5 

^1 

Axis  XX 

Axis  r  y 

Dimensions 

a 
.5? 

0) 

Q 

0 
a'x! 

S  ° 

Ot~t 

§1 
x;  3 

SI 

«C5 

0 

^  n! 

as 

go 
"1 

°g    a. 

A 

B 

c 

Si,  a; 

1 

21.4 

72.7 

287 

46.5 

3.67 

337 

46.5 

3.97 

I9t8 

6A 

7f 

T6 

25.1 

8,'i.2 

347 

55-2 

3-72 

391 

54-0 

3.95 

I9fk 

bA 

7i 

ol 

2 

28.8 

97.8 

409 

64.1 

3-77 

445 

61.3 

3.92 

19A 

6* 

7^, 

N  S 

M?5 

^ 

31.2 

106.2 

427 

67.9 

3.69 

469 

66.4 

3.88 

18* 

6A 

7tV 

fl^ 

i 

34-8 

118. 5 

489 

76.8 

3-74 

.Sl8 

73-4 

3.86 

^'', 

bi 

7t^ 

So 

H 

38. ■; 

130.9 

556 

85.9 

3-79 

.S67 

80.0 

3.83 

I9i 

b\^ 

7-iV 

una 

i 

40.  S 

137.8 

562 

88.2 

3-72 

579 

84.2 

3.78 

i8i 

^f, 

6* 

"" 

gS« 

H 

44.1 

149.9 

629 

97-3 

3-77 

624 

90.7 

3.76 

i8i 

6it 

bi 

ftO^ 

i 

47-7 

162. 1 

700 

106.6 

3.82 

664 

96.5 

3.73 

19 

6A 

H 

lis 

^ 

IS. 8 

53-7 

149 

29.0 

3.08 

197 

30.1 

3-54 

l6Ti 

5lfe 

6A 

i 

19.0 

64.7 

186 

35-5 

3-13 

235 

.35. 8 

3.52 

i6-g 

5t. 

bA 

a 

T^ 

22.3 

7';.8 

225 

42.0 

3-17 

272 

42.1 

3.50 

16^ 

sU 

bA 

Ma 
^5 

«?5 

9 

TB" 

24-5 
27.7 

83-3 
94.2 

236 

275 

44.9 
51-5 

3.10 
3.16 

290 

324 

45.5 
50.8 

3.44 
3.42 

16- 
i6w 

sii 

bi 
1 

do 

t 

30.q 

105.2 

318 

.S8.4 

3.21 

358 

56.1 

3.40 

16- 

5^ 

b* 

"in^ 

f^ 

32-7 

III. 2 

320 

59-9 

3-13 

365 

59.0 

3.34 

16- 

5M 

bA 

|s3 

3. 

3S.8 

121. 8 

363 

66.8 

3.18 

393 

63.5 

3.32 

16^ 

5tV 

bA 

£0(1. 

A 

39-0 

132.6 

411 

74-3 

3-25 

428 

6g.2 

3.30 

16- 

sU 

bA 

'"'  (13  M 

i 

II-3 
14.2 

38.4 
48.2 

68.7 
89.8 

16.6 
21.3 

2.47 
2.52 

123 
152 

20.0 
24.6 

3.31 
3.28 

14I 
15 

6A 
6A 

■gl 

1 

2" 

17. 1 
ig.o 
21.9 

58.1 
64-5 
74-4 

113 
ii3 
142 

26.1 
28.1 
32-9 

2.57 
2.49 
2.54 

184 
198 
225 

29.8 
33.1 
37-6 

3.28 
3.23 
3.21 

I5T6 

i4ii 

^4f 

4^ 
4^ 
4tj 

6A 

6 

6 

ma" 

Vk 

24.7 

83-9 

167 

37-8 

2.59 

252 

41.9 

3.19 

14* 

b 

J= 

N  *« 

A 

26.3 
29.0 

89-4 
98.6 

167 
193 

38.8 
43-8 

2.52 
2.58 

258 
281 

44.3 
48.4 

3.13 
3." 

X4i 
14A 

4A 

432 

5-s 

5i 

i£os 

4 

31-9 

108.3 

221 

49.0 

2.63 

305 

52.4 

3.09 

i4Ti 

4i 

5-1 

"  &-S  S 

i 

9-4 

31-9 

32-3 

10.3 

1.86 

86.7 

15.6 

3.04 

12$ 

3^ 

5A 

MS 

««^ls 

T^ 

II. 8 

40.1 

42.8 

13-3 

I  91 

108 

19  3 

3  02 

12-H 
^1, 

332 

# 

3 

"8 

13.7 

46.6 

48.0 

I5-I 

1.87 

121 

22.3 

2.97 

^V 

5V 

•s^ 

tV 

16.1 

54-7 

59-5 

18. 1 

1.92 

140 

25.8 

2.95 

i2ti 

■i-ws 

bra 

i 

17.8 
20.1 

60.5 
68.3 

63.6 
76.0 

19.6 
22.7 

1.89 
1.94 

150 
168 

28.3 
31.7 

2  91 
2.89 

12-1^ 
I2A 

3t 
3*i 

5l8 
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118 

112 

105 

98 

92 

ii~^f? 

A 

172 

172 

172 

171 

ib4 

156 

149 

142 

134 

127 

120 

112 

105 

i!0<! 

,^ 

186 

186 

186 

186 

178 

170 

163 

155 

147 

139 

131 

123 

116 

gfe 

Tb 

205 

205 

205 

205 

'97 

188 

180 

171 

163 

154 

14b 

T38 

129 

O 

4 

224 

224 

224 

224 

2ib 

208 

199 

190 

i8i 

172 

Ib3 

154 

145 
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TABLE  XV 

SAFE    LOAD    FOR    STEEL,    PLATE-AND-ANGLE    COLUMNS    WITH 

COVER-PLATES 


a 
o 

Safe  Load 

t 
in  Tons  of  2,000  Pounds,  for  Columns  With  Square  Ends 

o 

cl 

and  Unsupported  Lengths  of 

c 

M.S 

B 

1^ 

o 

|E 

12  Ft. 

1 

Eh 

or 
Less 

14  Ft. 

16  Ft. 

18  Ft. 

20  Ft, 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

36  Ft. 

40  Ft. 

Ul 

m 

1 

248 

244 

235 

225 

216 

206 

197 

187 

J  78 

168 

159 

140 

c 

A 

259 

255 

245 

235 

225 

215 

205 

196 

186 

176 

166 

146 

^  '0 

t 

268 

265 

255 

245 

235 

225 

215 

205 

194 

184 

174 

154 

1  1 
T6 

277 

276 

266 

255 

245 

234 

224 

213 

203 

192 

182 

161 

4 

288 

286 

275 

265 

254 

243 

233 

222 

212 

201 

190 

169 

il 

2^8 

296 

285 

274 

263 

252 

241 

231 

220 

209 

198 

176 

^  0 

1 

307 

306 

295 

284 

273 

261 

250 

239 

228 

217 

205 

183 

16 

T6 

317 

316 

305 

293 

282 

270 

259 

247 

236 

224 

213 

190 

gs 

328 

327 

315 

303 

292 

280 

268 

256 

244 

232 

221 

197 

173 

s<« 

itV 

337 

337 

325 

313 

301 

289 

277 

265 

253 

241 

229 

205 

178 

j-S 

i4 

345 

345 

334 

322 

310 

297 

285 

273 

261 

249 

236 

212 

188 

x| 

•i-^ 

356 

356 

345 

333 

321 

308 

296 

283 

270 

257 

244 

219 

194 

::  o 

^1 
^  4 

365 

365 

354 

341 

328 

316 

303 

290 

277 

264 

252 

226 

200 

fli  o 

n% 

375 

375 

364 

351 

338 

325 

312 

299 

286 

273 

260 

234 

208 

^^ 

i| 

385 

385 

375 

361 

348 

334 

321 

307 

294 

280 

267 

240 

213 

E^ 

7 
*  J  6 

395 

395 

384 

371 

357 

342 

330 

31O 

302 

289 

275 

248 

221 

a 
0 

405 

405 

394 

380 

366 

353 

338 

324 

310 

296 

282 

254 

226 

14  Ft. 
or 

16  Ft. 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft, 

28  Ft. 

30  Ft. 

32  Ft. 

36  Ft. 

40  Ft. 

44  Ft. 

Less 



en 
% 

i 

324 

313 

302 

290 

279 

268 

256 

245 

234 

222 

200 

177 

h 

-^ 

335 

326 

314 

300 

291 

280 

268 

256 

245 

233 

210 

187 
196 

346 

338 

326 

314 

302 

291 

279 

267 

255 

243 

220 

-1 

357 
368 

350 
363 

338 
351 

326 
338 

314 
326 

302 
313 

290 
301 

277 
288 

265 
276 

253 
263 

229 
238 

205 
213 

■v^ 

-1 

380 

374 

361 

349 

336 

324 

311 

298 

286 

273 

248 

223 

><l 

■  ■ 

391 

386 

373 

360 

347 

334 

321 

308 

296 

283 

257 
266 

231 

«  m 

-1 

402 

398 

385 

372 

358 

345 

332 

319 

306 

293 

240 

9  (A 

0  •!> 

I 

413 

409 

396 

382 

369 

356 

342 

329 

315 

302 

275 
285 
294 
303 
312 
320 
330 

339 
348 

249 

222 

^1 

n 
0 

if 
li 

425 

436 

447. 

458 

470 

481 

492 

503 

421 

433 
445 
457 
469 
481 
492 
503 

407 
419 
431 
443 
454 
466 
478 
489 

394 
405 
417 
428 

439 
451 
463 
473 

380 

391 
402 

414 
424 
436 

447 
458 

366 

377 
388 

399 
410 
421 
432 
442 

353 
363 
374 
385 
395 
405 
416 
426 

339 
349 
360 

370 
380 

390 
401 
411 

325 
335 
346 
356 
365 
375 
385 
395 

312 
322 

331 
341 
350 
360 
370 
380 

257 
266 
274 
283 
291 
299 
308 
317 

230 
238 
246 

254 
261 
269 

277 
286 

72 


COLUMNS  AND  STRUTS 


16 


TABLE  XVI 
SAFE  liOAD    FOR  STEEL   CHANNEti  COLUMNS    WITH    COVER-PLATES 


• 

u 

n 
o 

a 

Safe  Load,  in  Tons  of  2,000  Pounds,  for  Columns  With  Square  Ends  and 

1^ 

=  1 

Unsupported  Lengths  of 

<D 

0  a 

en 

Q 

|l 

1 

0 

1 

g 

10  Ft 

or 

II  Ft. 

12  Ft. 

13  Ft. 

14  Ft. 

16  Ft 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

Less 

8 

1 
4 

52 

51 

49 

48 

47 

44 

42 

39 

37 

34 

32 

29 

tS  (d 

10 

T 

59 

57 

55 

53 

51 

50 

47 

44 

41 

38 

35 

32 

ia 

10 

A 

65 

63 

62 

61 

59 

55 

52 

49 

45 

42 

39 

36 

..a^ 

10 

1 

71 

69 

67 

66 

64 

61 

57 

53 

50 

46 

43 

39 

ill 

12 

3 

8 

78 

76 

74 

72 

71 

67 

63 

59 

55 

51 

4y 

43 

12 

7 
1  6 

84 

81 

79 

77 

75 

71 

67 

63 

58 

54 

50 

46 

5|a 

12 

i 

go 

87 

84 

82 

80 

76 

71 

67 

62 

58 

53 

49 

—1  oco 
K  H  wi 

15 

i 

100 

98 

95 

92 

90 

85 

80 

75 

70 

65 

60 

55 

15 

F- 

106 

104 

lOI 

98 

95 

89 

84 

79 

73 

68 

63 

58 

15 

"a 

112 

109 

106 

103 

100 

95 

89 

84 

78 

73 

67 

62 

J3  Q  <U 

17 

5. 

8 

118 

116 

113 

no 

107 

102 

96 

91 

85 

80 

74 

69 

17 

T^ 

124 

121 

119 

116 

"3 

107 

lOI 

95 

90 

84 

78 

72 

17 

- 

130 

127 

124 

121 

118 

112 

106 

100 

94 

88 

82 

76 

17 

;! 

136 

132 

128 

125 

122 

116 

no 

104 

97 

91 

85 

79 

17 

■  ■ 

142 

138 

134 

131 

128 

122 

"5 

108 

102 

95 

89 

82 

17 

6 

148 

144 

141 

137 

134 

127 

120 

"3 

106 

99 

92 

85 

17 

I 

154 

150 

147 

144 

140 

132 

124 

117 

no 

102 

95 

88 

II  Ft 

or 
Less 

12  Ft. 

13  Ft. 

14  Ft. 

16  Ft. 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

T)  0 

9 

i 

58 

57 

56 

54 

52 

50 

47 

45 

43 

40 

38 

36 

34 

..  eg 
c  « 

9 

-nr 

65 

63 

61 

60 

57 

55 

53 

50 

47 

45 

42 

39 

37 

13 

TS 

79 

77 

75 

74 

71 

68 

65 

62 

59 

56 

53 

50 

47 

§  «» K 

13 

f 

86 

84 

82 

80 

77 

74 

71 

67 

64 

60 

57 

53 

50 

13 

i 
2 

93 

92 

90 

89 

85 

81 

77 

73 

69 

66 

62 

58 

54 

13 

100 

98 

96 

94 

90 

86 

82 

78 

74 

70 

66 

62 

58 

S5£ 

17 

9 

114 

112 

109 

107 

102 

98 

93 

88 

83 

79 

74 

69 

64 

§'~rt 

17 

1  0 

122 

119 

Ii6 

113 

108 

103 

98 

93 

88 

83 

78 

73 

68 

17 

1  1 

127 

124 

122 

119 

114 

log 

103 

98 

93 

87 

82 

76 

71 

17 

1  « 
3 

134 

131 

129 

126 

120 

114 

log 

103 

97 

92 

86 

81 

75 

S5S 

17 

T. 

140 

136 

133 

130 

124 

118 

112 

106 

100 

94 

88 

82 

76 

""0 

17 

TS- 

148 

145 

142 

139 

132 

125 

119 

"3 

107 

100 

94 

88 

82 

II 

17 

f. 

154 
161 

150 

147 

144 

138 

T31 

125 

118 

112 

105 

99 

92 

86 

hH 

17 

Te 

157 

154 

150 

143 

137 

130 

123 

116 

no 

103 

96 

89 

17 

I 

168. 

164 

161 

157 

150 

143 

136 

129 

121 

H4 

107 

100 

93 
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TABLE  JCVl— [Continued) 


fl 

■3 

h 

43  o 
Ofc, 

> 

Safe  Load,  in  Tons  of  2,000  Pounds,  for  Columns  With  Square  Ends  and 

• 

o 

oS 

Unsupported  Lengths  of 

a 

ffl  Cl< 

■s  0 

^ 

S  0 

S  " 

a) 

o  a 

<S 

D 

Sl 

1 

•s*^ 

^ 

!3 

12  Ft. 
or  13  Ft. 

14  Ft. 

16  Ft. 

18  Ft. 

20  Ft. 

22  Ft.  24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft 

Less 

%B 

lO 

A 
4 

66 

66 

66 

64 

62 

60 

57 

54 

52 

49 

46 

44 

41 

39 

10 

T^ 

74 

74 

73 

70 

67 

65 

62 

59 

57 

54 

51 

49 

46 

43 

.1^ 

13 

A 

83 

83 

83 

80 

77 

74 

71 

68 

65 

62 

59 

56 

53 

50 

a  0)  (fi 
p  0)  <u 

13 

f 

91 

91 

90 

87 

84 

80 

77 

74 

70 

67 

64 

60 

57 

54 

13 

F 

98 

98 

97 

94 

90 

87 

83 

79 

76 

72 

69 

65 

62 

58 

13 

106 

106 

105 

102 

98 

94 

90 

86 

82 

78 

74 

70 

66 

62 

17 

2" 

120 

120 

118 

114 

no 

105 

lOI 

96 

92 

87 

82 

78 

73 

69 

17 

-^ 

127 

127 

126 

120 

115 

no 

106 

lOI 

96 

91 

87 

83 

78 

73 

17 

135 

135 

133 

128 

123 

117 

112 

107 

102 

97 

92 

87 

82 

77 

Cj  0)^ 

17 

1 

142 

142 

1 40 

135 

129 

123 

118 

113 

108 

102 

97 

92 

86 

81 

0  0 

17 

- 

150 

150 

147 

141 

136 

130 

125 

119 

1 14 

108 

103 

97 

92 

86 

17 
17 

^ 

157 
165 

157 
165 

155 
162 

149 
156 

143 
150 

137 
144 

131 

137 

125 
131 

119 
125 

113 

118 

107 
112 

lOI 

io5 

95 
99 

89 
93 

It 

17 

5 

6 

172 

172 

169 

163 

156 

150 

143 

136 

130 

123 

117 

no 

104 

97 

Hf^ 

17 

I 

180 

180 

177 

171 

.164 

157 

150 

143 

136 

129 

122 

115 

108 

lOI 

14  Ft. 
or 

t6  Ft. 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

36  Ft. 

40  Ft. 

Less 

13 

1% 

87 

85 

82 

79 

76 

73 

70 

67 

65 

62 

56 

50 

13 

1 

95 

93 

90 

87 

83 

80 

77 

74 

71 

67 

61 

55 

-a  o 

16 

# 

106 

104 

100 

97 

93 

90 

86 

83 

79 

76 

69 

62 

=2 

0  1>  to 

16 

7 

114 

112 

108 

105 

lOI 

98 

94 

90 

86 

82 

75 

67 

16 

1 
■2 

122 

120 

115 

III 

107 

103. 

99 

95 

91 

87 

79 

71 

21 

i 

140 

136 

131 

126 

121 

117 

112 

107 

103 

98 

89 

79 

21 

^ 

149 

146 

140 

135 

130 

125 

120 

115 

no 

104 

94 

84 
88 

<3i': 

21 

157 

153 

148 

142 

137 

131 

126 

120 

115 

109 

99 

■30  = 

21 

_i 

165 

161 

156 

150 

145 

139 

133 

127 

121 

116 

104 

92 

i»^ 

21 

_ 

173 

168 

163 

157 

151 

145 

139 

133 

127 

121 

109 

97 

21 

I3 

182 

177 

171 

164 

158 

151 

145 

139 

132 

126 

113 

lOI 

21 

_" 

190 
198 

186 

180 

173 

166 

160 

153 

146 

139 

133 

119 

105 

o  9  ^ 

21 

-1 

194 

187 

180 

173 

166 

159 

152 

145 

138 

124 

no 

21 

I 

206 

202 

195 

187 

180 

173 

165 

158 

151 

143 

129 

114 

9  0 

21 

ITS 

215 

209 

202 

194 

187 

179 

172 

164 

157 

149 

134 

119 

21 

li 

224 

218 

211 

203 

195 

187 

179 

171 

163 

155 

139 

123 
128 

21 

i^ 

231 
239 

227 

218 

210 

201 

193 

185 

177 

169 

160 

144 

21 

li 

233 

227 

218 

209 

201 

192 

184 

175 

167 

149 

132 

74 


COLUMNS  AND  STRUTS 
TABIjE  XVI — (.Continued) 


§16 


•3 

a 

CO 

rf  0 

S 

d 

^  0 

Safe  Load,  in  Tons  of  2,000  Pounds,  for  Columns  With  Square  Ends 

ca 
a 
.bfl 
'S. 

4) 

Q 

a  P, 
H  01 

°§ 

0  a 

Cfl 
&) 

and  Unsupported  Lengths  of 

s 

IS  Ft. 

or 
Less 

16  Ft. 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

40  Ft. 

— T 

15 

1% 

100 

100 

97 

94 

91 

88 

85 

82 

79 

76 

73 

70 

64 

o 

15 

s 

109 

109 

106 

103 

100 

97 

93 

90 

86 

83 

79 

75 

68 

% 

20 

f 

125 

125 

121 

117 

113 

no 

106 

102 

98 

94 

90 

87 

79 

20 

7 
T6 

135 

135 

130 

126 

122 

118 

114 

109 

105 

lOI 

97 

93 

85 

20 

i 

143 

143 

139 

135 

130 

126 

121 

117 

"3 

Ip8 

104 

99 

90 

25 

\ 

1 60 

160 

155 

150 

145 

139 

134 

129 

124 

119 

114 

109 

99 

lis 

25 

9 

Te 

i6g 

169 

163 

157 

152 

147 

141 

136 

131 

126 

121 

115 

104 

o°€ 

25 

f 

178 

178 

172 

166 

160 

155 

149 

143 

138 

132 

126 

121 

no 

30 

f 

196 

193 

187 

180 

174 

168 

162 

156 

149 

143 

137 

131 

119 

p  a  -' 

30 

H 

205 

202 

ig6 

189 

183 

176 

169 

163 

156 

150 

144 

137 

124 

30 

3 
4 

214 

212 

206 

199 

192 

185 

1 78 

171 

164 

157 

150 

143 

129 

0-5 

30 

iil 
16 

223 

221 

214 

207 

200 

192 

185 

178 

171 

163 

156 

149 

135 

""■3^ 

30 

f 

232 

230 

222 

215 

208 

200 

192 

185 

178 

170 

163 

155 

140 

0  rt  > 

30 

^ 

240 

238 

230 

223 

215 

207 

199 

192 

1S4 

176 

168 

161 

145 

"  J-  0 
0 

30 

I 

250 

247 

239 

231 

223 

215 

207 

198 

190 

182 

174 

166 

150 

30 

li 

268 

265 

256 

247 

239 

230 

222 

213 

204 

196 

187 

179 

162 

1 

30 

It 

286 

283 

273 

264 

255 

245 

236 

227 

218 

208 

199 

190 

171 

H 

30 

li 

304 

301 

290 

280 

271 

261 

251 

242 

232 

222 

213 

203 

184 

30 

li 

322 

318 

308 

297 

287 

277 

266 

256 

245 

235 

225 

214 

193 

18  Ft. 

or 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

38  Ft. 

40  Ft. 

42  Ft. 

Less 

20 

* 

134 

132 

129 

125 

122 

118 

"5 

Ill 

108 

104 

lOI 

97 

94 

0 

20 

_7_ 
1  6 

144 

143 

140 

136 

133 

129 

125 

121 

117 

114 

no 

106 

102 

^ 

25 

A 

163 

160 

155 

151 

147 

143 

138 

134 

130 

125 

121 

117 

113 

■0(0 

25 

i 

173 

171 

165 

160 

156 

151 

147 

142 

138 

133 

129 

124 

120 

3  S  " 

30 

1 

2  ■ 

190 

188 

183 

178 

173 

168 

163 

158 

153 

148 

143 

138 

133 

30 

A 

200 

197 

191 

186 

181 

175 

170 

165 

160 

154 

149 

144 

139 

30 

- 

211 

208 

202 

197 

191 

186 

181 

175 

169 

164 

158 

153 

147 

30 

~a 

221 

218 

212 

206 

200 

194 

189 

183 

177 

171 

165 

159 

154 

S  "  3 

30 

232 

228 

222 

216 

210 

204 

198 

192 

186 

180 

174 

168 

162 

HO 

35 

— 

250 

248 

242 

235 

228 

221 

214 

207 

200 

193 

186 

179 

172 

g2£ 

35 

^-1 

260 

254 

247 

240 

?33 

227 

220 

213 

206 

200 

193 

186 

179 

^|S 

35 

- 

271 

265 

258 

251 

243 

236 

229 

222 

214 

207 

200 

193 

186 

-ISg 

35 

^ 

281 

275 

267 

260 

252 

245 

238 

230 

223 

215 

208 

200 

193 

N  CS  > 

"fl  0 

35 

I 

292 

286 

278 

270 

262 

254 

246 

238 

230 

222 

214 

206 

199 

uo 

35 

'I 

313 

306 

298 

290 

281 

273 

264 

256 

247 

239 

231 

222 

■214 

0 

35 

li 

333 

326 

317 

308 

299 

290 

281 

272 

263 

254 

245 

236' 

227 

e^ 

35 

if 

354 

346 

337 

327 

318 

308 

299 

289 

280 

270 

261 

251 

242 

35 

i-j- 

375 

366 

356 

346 

336 

326 

316 

306 

296 

286 

276 

266 

256 

§16 
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g 

a 
iS  o 

1 

Safe  Load,  in  Tons  of  2,000  Pounds,  for  Columns  With  Square  Ends 

3 

■S  i- 

°  s 

and  Unsupported  Lengths  of 

% 

0^ 

0  CI 

o? 

(1) 

CO 

1 

22  Ft. 

or 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

38  Ft. 

(0  Ft. 

14  Ft. 

48  Ft. 

52  Ft 

Less 

CO 

33 

i 

218 

218 

214 

2og 

205 

200 

196 

191 

186 

182 

173 

164 

155 

5S 

33 

^ 

231 

231 

226 

221 

216 

211 

207 

202 

197 

192 

182 

173 

163 

is 

35 

a 

T8 

238 

238 

233 

228 

223 

218 

213 

208 

203 

198 

188 

178 

168 

!§ 

35 

- 

251 

250 

245 

240 

234 

229 

224 

218 

213 

208 

197 

186 

176 

S<-> 

40 

■ 

269 

268 

262 

256 

250 

245 

239 

233 

228 

222 

210 

199 

187 

bjo 

40 

1 
Xe 

282 

280 

274 

268 

262 

256 

250 

244 

238 

232 

220 

208 

196 

45 

-i 

299 

296 

290 

284 

277 

271 

264 

258 

252 

245 

232 

219 

207 

45 

311 

309 

302 

295 

289 

282 

275 

269 

262 

255 

242 

229 

215 

|«s 

50 

329 

326 

319 

312 

305 

298 

290 

283 

276 

269 

255 

240 

226 

<3|| 

50 

i 

342 

338 

331 

324 

316 

309 

301 

294 

287 

279 

265 

250 

235 

50 

355 

351 

343 

335 

328 

320 

312 

304 

297 

289 

273 

258 

243 

§5" 

50 

-f 

368 

363 

355 

347 

339 

331 

323 

315 

307 

299 

283 

267 

251 

5^ 

50 

380 

376 

367 

359 

351 

342 

334 

326 

318 

309 

293 

276 

260 

^1 

50 

406 

401 

392 

383 

374 

365 

356 

348 

339 

330 

312 

294 

277 

50 

I? 

431 

426 

416 

407 

397 

388 

378 

369 

359 

350 

331 

312 

293 

c  Jv 

50 

I- 

457 

450 

440 

430 

420 

410 

400 

390 

379 

369 

349 

329 

308 

50 

I~ 

482 

475 

464 

454 

443 

432 

422 

411 

400 

390 

368 

347 

326 

20  Ft. 
or 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

40  Ft. 

44  Ft. 

48  Ft. 

52  Ft 

Less 

50 

^ 

455 

455 

445 

435' 

425 

414 

404 

394 

383 

363 

342 

322 

301 

o  '2 
S  9 

50 

3 
6 

468 

468 

458 

447 

436 

426  . 

415 

405 

394 

373 

352 

330 

309 

!l"5. 

50 

481 

481 

470 

459 

448 

437' 

426 

416 

405 

383 

361 

339 

318 

4)  t«>-^ 

50 

-1 

494 

494 

482 

471 

460 

449 

438 

427 

415 

393 

371 

348 

326 

50 

506 

506 

495 

483 

472 

460 

449 

438 

426 

403 

380 

357 

334 

WgSS 

50 

li 

532 

532 

520 

508 

496 

484 

471 

459 

447 

423 

399 

375 

351 

SO'-' JS 

50 

557 

557 

544 

532 

519 

506 

494 

481 

468 

443 

418 

392 

367 

50 
50 
50 
50 
50 
50 
50 
50 

I 

583 

583 

569 

556 

543 

529 

516 

503 

490 

463 

437 

410 

384 

<-•  C  0)  ^ 

J.  . 

608 

608 

594 

580 

566 

552 

539 

525 

5" 

483 

455 

428 

400 
416 

I  ■ 

634 

633 

619 

604 

590 

575 

561 

547 

532 

503 

474 

445 

Si,s^ 

I 

659 

658 

644 

629 

614 

598 

583 

568 

553 

523 

493 

463 

433 

S  "d,  o 
,§giS 

T-  ■ 

685 

684 

668 

653 

637 

621 

606 

590 

575 

543 

512 

481 

449 

2 

710 

709 

693 

677 

661 

644 

628 

612 

596 

563 

531 

498 

466 
482 

iln 

2i 

736 
761 

735 

718 

701 

684 

667 

651 

634 

617 

583 

550 

516 

2i 

760 

743 

725 

708 

6go 

673 

656 

638 

603 

568 

534 

499 

76 
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fl 

I 

§ 

^o 

Safe  Load,  in  Tons  of  2,000  Pounds,  for  Columns  With  Square  Ends 

■I 

a 
B 

3 
o 
O 

O  B 

and  Unsupported  Lengths  of 

14  Ft. 
or 

16  Ft. 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

40  Ft. 

Less 

a 

O 

fa 

295 

286 

275 

265 

255 

245 

234 

224 

214 

203 

193 

183 

162 

o 

^.1 

tI 

304 

295 

284 

273 

263 

252 

242 

231 

221 

210 

200 

189 

168 

u 

jfS  0)^ 

fs 

313 

304 

293 

282 

271 

260 

249 

238 

227 

216 

205 

194 

172 

"5 

T6 

321 

312 

300 

288 

277 

266 

255 

244 

233 

222 

211 

200 

178 

s 
§ 

331 

322 

310 

299 

287 

276 

264 

253 

241 

230 

218 

207 

184 

ja 

if 

349 

340 

329 

317 

305 

291 

279 

267 

255 

243 

231 

218 

194 

TJUS 

It 

367 

358 

345 

333 

320 

307 

295 

282 

269 

257 

244 

231 

206 

s 

I- 

385 

375 

361 

348 

335 

322 

309 

296 

283 

270 

257 

243 

217 

0) 

at 

CU  "h 

I— 

403 

393 

381 

367 

353 

339 

325 

3" 

297 

283 

269 

255 

227 

"P 

I- 

421 

410 

396 

381 

367 

353 

338 

324 

310 

295 

281 

267 

238 

;^ 

"Eg 

I- 

439 

427 

412 

397 

382 

367 

352 

337 

322 

308 

293 

278 

248 

II* 

l8 

457 

445 

429 

414 

398 

383 

367 

352' 

336 

320 

305 

289 

258 

A 

2 

475 

463 

446 

430 

414 

398 

382 

366 

350 

334 

318 

301 

269 

t-H 

't 

493 

481 

465 

448 

431 

415 

398 

382 

365 

348 

331 

314 

280 

o 

2i 

5H 

500 

484 

466 

448 

431 

413 

396 

378 

361 

343 

326 

291 

i6Ft. 

or 
Less 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

34  Ft. 

38  Ft. 

42  Ft. 

46  Ft. 

so  Ft. 

a 

a 

O 

3 

4" 

349 

346 

336 

326 

316 

306 

296 

286 

266 

246 

226 

206 

186 

o 

" 

359 

357 

346 

336 

326 

316 

306 

296 

275 

254 

233 

212 

191 

U 

15 

370 

368 

356 

345 

334 

324 

313 

303 

283 

.262 

241 

220 

199 

'3 

tI 

381 

378 

367 

357 

346 

335 

324 

313 

292 

270 

248 

226 

204 

01 

I 

391 

388 

377 

366 

355 

344 

332 

320 

298 

276 

254 

232 

210 

[J 

J3  "5 

'f 

411 

409 

398 

387 

375 

364 

352 

339 

316 

292 

268 

245 

222 

^ 

I4 

433 

431 

419 

407 

395 

382 

370 

358 

333 

308 

283 

258 

233 

^ 

3>S5 

0  ^a< 

1 

454 

452 

439 

426 

413 

400 

387 

374 

348 

322 

296 

270 

244 

i>i  w  ai 

li 

476 

473 

459 

445 

432 

418 

405 

391 

364 

337 

310 

283 

256 

k 

_  3 

496 

493 

478 

464 

450 

436 

422 

408 

380 

352 

324 

296 

208 

"S 

■7?  ™ 

'1 

518 

515 

501 

487 

472 

457 

443 

428 

398 

369 

339 

309 

280 

H 

f^g 

if 

538 

536 

520 

504 

489 

474 

458 

443 

413 

382 

352 

321 

291 

J2 

2 

2 

560 

556 

541 

526 

510 

494 

478 

462 

430 

398 

366 

334 

302 

s 

f 

28 
1 

580 

577 

561 

545 

529 

512 

496 

479 

446 

413 

380 

347 

314 

N 

27 

602 

598 

581 

565 

547 

530 

513 

495 

461 

427 

393 

359 

325 

TABLTS   XVII 
SAFE    LOAD    TOE    STEEL    Z-BAB    COLUMNS 


(f) 

s 

^1 

Safe  Load,  in  Tons  of  2,000  Pounds,  for  Columns  With  Square  Ends 

■s 

and  Unsupported  Lengths  of 

S^5 

P 

•3« 

fi 

8  Ft. 

or 

9  Ft. 

10  Ft. 

II  Ft. 

12  Ft. 

IS  Ft. 

14  Ft. 

16  Ft. 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

Less 

f 

i 

56 

55 

53 

52 

50 

48 

46 

43 

39 

36 

32 

29 

V 

71 

70 

68 

66 

64 

61 

59 

55 

51 

47 

42 

38 

f 

»3 

79 

77 

74 

72 

69 

67 

62 

57 

53 

48 

43 

•= 

^ 

97 

94 

91 

8« 

85 

83 

80 

74 

69 

63 

57 

52 

c 

1 

107 

104 

100 

97 

94 

91 

89 

83 

75 

70 

63 

57 

•a 

Te 

121 

118 

115 

no 

107 

103 

100 

93 

86 

80 

73 

66 

II  Ft. 

or 

12  Ft. 

13  Ft. 

14  Ft. 

16  Ft. 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

Less 

i 

67 

66 

64 

63 

59 

56 

53 

50 

47 

44 

41 

38 

C 

A 

8s 

83 

81 

79 

76 

72 

68 

64 

60 

57 

53 

49 

a 

i 

103 

lOI 

99 

97 

92 

88 

83 

78 

74 

69 

65 

60 

T^ 

114 

III 

108 

106 

100 

95 

90 

85 

Ho 

74 

69 

64 

V 

i 

m 

128 

125 

122 

117 

III 

105 

99 

93 

87 

82 

76 

i\ 

T% 

149 

146 

142 

139 

133 

126 

120 

113 

107 

100 

94 

87 

a 

* 

i-iS 

155 

151 

148 

140 

133 

126 

119 

III 

104 

97 

90 

oo 

U 

174 

171 

166 

162 

155 

147 

140 

132 

125 

117 

no 

102 

3 
4 

191 

189 

185 

181 

172 

164 

156 

148 

140 

131 

123 

"5 

13  Ft. 
or 

14  Ft. 

16  Ft. 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

Less 

T^ 

95 

9=; 

91 

88 

84 

81 

77 

75 

71 

66 

63 

60 

56 

a 

114 

114 

110 

106 

lOI 

97 

93 

89 

85 

81 

76 

72 

68 

a 

A 

134 

134 

129 

124 

119 

114 

109 

104 

99 

94 

90 

85 

80 

i 

147 

146 

141 

135 

130 

124 

119 

113 

108 

102 

97 

9i 

86 

o 

^ 

t66 

166 

160 

154 

148 

142 

135 

129 

123 

117 

III 

105 

99 

•g 

f 

iR"; 

i8s 

179 

172 

164 

158 

151 

145 

138 

131 

126 

119 

"3 

KH 

H 

196 

195 

188 

t8i 

173 

166 

159 

152 

145 

138 

130 

123 

116 

6 

a 

215 

213 

204 

198 

190 

183 

174 

167 

160 

152 

145 

137 

130 

ii 

234 

234 

226 

218 

210 

201 

193 

185 

177 

169 

160 

152 

144 

16  Ft. 
or 

18  Ft. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

38  Ft. 

40  Ft. 

Less 

f 

T?8 

125 

120 

116 

112 

108 

104 

100 

96 

92 

88 

84 

80 

B 

w 

150 

146 

141 

137 

132 

128 

123 

119 

114 

109 

105 

lOI 

96 

a 

i 

173 

170 

i6'5 

160 

154 

149 

144 

138 

133 

128 

123 

IW 

112 

118 

T^ 

tR7 

182 

177 

171 

l6s 

159 

153 

147 

141 

135 

130 

124 

u 

¥ 

2og 

204 

iq8 

191 

185 

i7ii 

172 

165 

159 

152 

146 

139 

133 

1 

231 

243 

227 
237 

220 

230 

214 

222 

207 

21S 

200 
207 

193 
200 

186 
192 

180 

185 

172 

177 

165 
170 

i58 
162 
178 

151 

155 

M 

H 

265 

2^8 

250 

242 

234 

225 

218 

210 

202 

194 

186 

170 
183 

i 

286 

280 

271 

262 

253 

245 

236 

227 

218 

209 

201 

78 


COLUMNS  AND  STRUTS 
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TABLE   XVm 

SAI-E     LOAD    FOR    STEEL    Z-BAR    COLUMNS     WITH     COVER-PLATES 


l*J 

Safe  Load,  in  Tons  of  z.ooo  Pounds,  for  Columns  With  Square  Ends 

o  a 
§1 

"a  M 

and  Unsupported  Lengths  of 

tJ  0 

i6Ft. 

B  o  ■ 

or 
Less 

iSFt. 

20  Ft. 

22  Ft. 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

38  Ft. 

40  Ft. 

t  "ri 

* 

306 

300 

291 

282 

273 

264 

255 

246 

237 

228 

219 

210 

201 

X  -§i3 

T^ 

317 

311 

301 

292 

283 

273 

264 

254 

245 

235 

226 

216 

207 

1 

2 

327 

321 

311 

302 

292 

282 

273 

263 

253 

244 

234 

224 

215 

^ 

338 

332 

323 

313 

303 

293 

283 

273 

263 

253 

243 

233 

223 

^sil 

- 

348 

342 

332 

322 

311 

301 

291 

2S1 

"270 

260 

250 

240 

229 

SFI 

1 

6 

358 

352 

342 

331 

321 

310 

300 

289 

279 

268 

258 

247 

237 

- 

368 

362 

352 

342 

331 

321 

310 

300 

288 

277 

266 

255 

244 

-1 

380 

374 

363 

352 

341 

329 

318 

307 

296 

285 

274 

202 

251 

^5 

389 

384 

372 

361 

350 

338 

327 

315 

304 

293 

281 

270 

258 

^. 

H 

401 

393 

381 

370 

358 

346 

334 

322 

310 

298 

286 

274 

262 

XXojo, 

412 

404 

392 

380 

368 

355 

343 

331 

318 

306 

.294 

282 

270 

-1 

422 

415 

402 

390 

377 

365 

352 

340 

328 

315 

303 

290 

278 

s"ss 

■ 

433 

426 

413 

400 

388 

375 

362 

349 

336 

324 

3H 

298 

285 

sS^s 

-f 

444 

436 

423 

410 

397 

384 

371 

357 

344 

331 

318 

305 

292 

454 

446 

433 

419 

407 

393 

380 

366 

353 

339 

326 

312 

299 

Sl'^^ 

T  1 

465 

457 

443 

430 

416 

402 

388 

375 

361 

348 

334 

321 

307 

g^l? 

li 

475 

467 

454 

440 

426 

412 

398 

384 

370 

356 

342 

328 

314 

Il^ 

lA 

486 

477 

463 

449 

434 

420 

406 

392 

377 

363 

349 

335 

321 

f^o 

It 

496 

487 
22  Ft. 

472 

457 

443 

428 

414 

399 

385 

370 

356 

341 

327 

20  Ft, 

or 
Less 

24  Ft. 

26  Ft. 

28  Ft. 

30  Ft. 

32  Ft. 

34  Ft. 

36  Ft. 

38  Ft. 

40  Ft. 

42  Ft. 

44  Ft. 

I 

488 

476 

464 

452 

440 

428 

416 

404 

392 

380 

368 

356 

344 

IT^ 

501 

488 

475 

463 

450 

439 

427 

415 

402 

390 

378 

365 

353 

li 

513 

501 

488 

475 

463 

450 

438 

425 

412 

400 

387 

374 

362 

o 

'¥ 

525 

513 

500 

487 

474 

461 

448 

435 

422 

409 

396 

383 

370 

'd 

li 

537- 

523 

510 

497 

484 

470 

457 

444 

431 

418 

404 

391 

378 

i-re 

548 

536 

522 

509 

495 

482 

468 

455 

441 

428 

414 

401 

387 

S-xl 

if 

561 

548 

534 

520 

506 

493 

479 

465 

451 

437 

424 

410 

396 

Xt  g 

lA 

573 

559 

545 

531 

517 

■503 

489 

475 

460 

446 

432 

418 

404 

^   °M 

I* 

S85 

571 

556 

542 

527 

513 

498 

484 

470 

455 

441 

426 

412 

1-1% 

597 

583 

568 

553 

539 

524 

509 

494 

480 

465 

450 

436 

421 

if 

609 

594 

579 

564 

549 

534 

519 

505 

490 

475 

460 

445 

430 

iri 

621 

607 

592 

577 

561 

546 

530 

515 

500 

484 

469 

453 

438 

if 

633 

618 

602 

587 

571 

556 

540 

525 

509 

494 

478 

463 

447 

£SS 

itI 

645 

631 

616 

600 

584 

568 

552 

536 

520 

504 

488 

472 

456 

i| 

657 

643 

626 

610 

593 

577 

561 

544 

528 

512 

496 

480 

464 

o 

itI 

66g 

654 

637 

621 

603 

587 

570 

554 

538 

521 

505 

488 

472 

2 

681 

666 

648 

631 

615 

598 

581 

565 

548 

531 

514 

498 

481 

2A 

693 

676 

659 

642 

625 

608 

591 

574 

557 

540 

523 

506- 

489 

'*3 

705 

689 

671 

654 

636 

619 

601 

584 

567 

549 

532 

514 

497 

2^ 

717 

701 

682 

664 

647 

629 

612 

594 

576 

559 

541 

524 

506 

2- 

729 

713 

694 

676 

658 

640 

622 

604 

586 

568 

550 

532 

514 

DETAILS  OF  CONSTRUCTION 


KIVETS    AND    PINS 


INTROB  UCTION 
1.     Rivets  and  pins  are  the  elements  by  which  the  differ- 
ent sections  and  members  of  a  steel  structure  are  connected 
Pins  are   also  used  in 


Sway  Brace. 


Riveted  CoiinectioA 


the  better  class  of  tim- 
ber construction,  in 
which  case  the  ten- 
sion members  are  usu- 
ally made  of  steel  or 
wrought  iron. 

Where  plates  or 
rolled  shapes  are  joined 
by  pins  or  rivets,  as 
in  Fig.  1,  there  is  fric- 
tion between  the  parts, 
which  tends  to  prevent 
their  being  pulled 
apart.  This  is  espe- 
cially true  when  rivets 
are  driven  close  against 
the  plates  while  hot;  in 
cooling,  they  contract 
between  the  heads  and 
bind  the  plates  tightly 
together.  The  friction 
between  plates  connected  by  rivets  and  pins,  however,  is 
an  uncertain  quantity  and  should  not  be  considered  in  cal- 
culating the  strength  of  the  joint. 

For  notice  of  copyrigtit,  see  page  immediately  following  the  title  page 
S25 


Fig.  1 
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RIVETED     CONNECTIONS 


RIVETS 

2.  Structural  rivets  are  made  either  of  steel  or  of 
wrougfht  iron.  Those  used  in  the  shop  are  made  of  soft 
steel,  but  those  used  in  the  field  are  of  wrought  iron,  because 
this  material  is  less  likely  to  be  damaged  in  heating,  and 
also  because  considerable  heat  is  lost  in  passing  the  rivets 
from  the  forge  to  the  riveters,  thus  reducing  them  to  a 
temperature  that  would  be  ,00  low  to  work  on  steel. 

3.  Sizes. — Rivets  used  in  structural  work  vary  in  diam- 
eter from  2  inch  to  1  inch,  being  made  in  i-,  1-,  1-,  i-,  and 
1-inch  sizes.  The  f-  and  f-inch  rivets  are  most  generally 
used,  the  smaller  sizes  being  employed  only  on  unimportant 
details,  or  where  the  clearance  will  not  allow  the  insertion  of 
larger  ones,  and  those  larger  than  i^  inch  are  used  only 
where  there  are  very  thick  plates  or  very  great  stresses. 
Field  rivets  should  never  be  more  than  i  inch. 

On  account  of  the  difficulty  of  punching  holes  of  less 
diameter  than  the  thickness  of  the  plate,  the  diapieter  of  the 
rivet  should  not  be  less  than  the  thickness  of  the  thickest 
plate  through  which  the  rivet  passes.  Sections  with  small 
flanges  necessitate  the  use  of  small  rivets  so  as  to  allow 
sufficient  distance  from  the  edge  of  the  piece  and  enough 
space  for  the  tool  in  driving  the  rivet. 

When  the  size  cannot  be  determined  by  the  above  condi- 
tions, such  a  size  should  be  used  as  will  resist  the  existing 
stresses  and  be  economical.  It  is  cheaper  to  use  the  same 
size  rivets  throughout  a  piece,  and  the  smaller  rivets  are 
more  economical  as  they  reduce  the  weight  and  the  cost  of 
punching  and  driving.  The  standard  sizes,  from  the  Cam- 
bria Steel  Company's  handbook,  to  be  used  in  I  beams, 
channels,  and  angles  are  given  in  Table  I. 

4.  Diameter  of  Hole. — The  diameter  of  the  rivet  hole 
when  drilled  should  be  inr  inch  larger  than  the  rivet,  as  the 
latter  is  inserted  while  hot,  and  when  driven,  is  upset,  thus 
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TABLE  I 

MAXIMUM    SIZE    OP    RIVETS    IN    BEAMS,    CHANNELS. 
AND    ANGLES 


I  Beams 

Channels 

Angles 

i 

m   to 
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O 
Q 
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o 

1 

s  s 

N 
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a 
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0 
0 

Si 
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35 
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0 

.       ^ 

1 
in 

r 

in 
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►J 

1 
S  S 

CO 
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5 
6 

7 
8 
9 
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12 
12 
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9-75 
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15-00 
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25.00 
31-50 
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3 

8 
1 
2 

f 

f 

f 
3 
4 

1 
1 

15 
15 
15 
18 
20 
20 
24 

42.00 
60.00 
80.00 
55-00 
65.00 
80.00 
80.00 
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I 
I 

I 

3 
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5 
6 

7 
8 

9 
10 
12 
15 

4.00 

5-25 

6.50 
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9-75 

11-25 
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15.00 
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33-00 

1 

1 

2 

6 

8 

1 
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4 
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4 

1 

I 

lA 
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2 

2A 

X 

4 

1 
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1 
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4 

2^ 

2I 

3 

3i 

4 

4i 

5 

6 

7 

-3- 
1 
1 

completely  filling  the  hole,  but  when  the  hole  is  punched,  it 
is  well  to  allow  i  inch  excess  of  diameter  of  hole  over  diameter 
of  rivet.  Holes  are  not  drilled  except  in  very  important  work, 
or  when  hard  steel  is  used. 

5.  Rivet  Heads. — The  round  head  or  full  head,  also 
called  button  head,  is  a  spherical  segment  slightly  less  than 
a  hemisphere. 

Countersunk  heads  are  countersunk  into  the  surrounding 
material  so  that  they  are  flush  on  tog  with  the  surface  of  the 
plate  into  which  they  are  sunk.  These  are  used  when  a 
button  head  would  interfere  with  the  bearing,  as  at  the  base 
of  a  column  where  it  rests  on  the  bearing  block  or  capstone. 

Flattened  heads  are  made  by  flattening  the  button  heads 
and  are  used  in  extreme  cases  where  a  round  head  would  be 
too  high. 

6.  Dimensions  of  Heads.— The  height  and  diameter 
of  a  rivet  head  bear  the  following  relations  to  the  diameter 
of  the  rivet. 
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For  button  heads  the  standard  height 
of  head  is  six-tenths  the  diameter  of  the 
rivet  and  the  radius  of  the  head  is  three- 
fourths  of  the  diameter  of  the  rivet  plus 
tV  inch.  These  dimensions  are  shown  in 
Fig.  2. 

For  countersunk  heads,  the  diameter  of 
the  head  is  the  same  as  for  a  button  head, 
and  its  bevel  is  60°;  from  these  data  the 
height,  or  depth,  of  the  head  can  be  deter- 
mined. A  simple  rule  is  to  make  the  depth 
equal  to  one-half  of  the  diameter  of  the 
rivet.  Countersunk  rivets  should  not  be 
used  in  plates  of  less  thickness  than  one- 
half  the  diameter  of  the  rivet.  Where 
economy  is  to  be  considered,  their  use 
should  be  avoided  if  possible,  as  the  extra 
work  required  in  countersinking  makes 
them  expensive. 

For  flattened  heads,  the  height  is  never 
less  than  A  inch. 

7.  Clearance. — When  one  riveted  sec- 
tion is  close  to  another,  it  is  necessary  to 
keep  them  a  certain  distance  apart  to  allow 
a  clearance  for  the  driven  rivets.  This 
clearance  is  f  inch  for  f-inch  rivets  and 
f  inch  for  1-inch  rivets.  It  is  always  better 
to  provide  for  a  head  i  inch  higher  than 
the  figured  height,  to  allow  for  the  upsfet- 
ting  of  the  rivet  and  discrepancies  in  the 
material. 

8.  Ijength  or  Grip, — In  order  to 
drive  tight  rivets,  it  is  necessary  to  keep 
them  within  a  certain  length  or  grip.  The 
maximum  grip,  or  distance  between  heads, 
is  generally  accepted  as  not  more  than 
four  times  the  diameter  of  the  rivet.    In 
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determining  the  length  to  be  given  in  ordering  rivets,  first 
find  the  grip,  which  is  considered  as  the  thickness  of  the 
parts  joined  plus  sV  inch  for  each  joint  between  plates;  this 
T2  inch  is  to  allow  for  unevenness  in  the  surfaces  of  the  plates 
which  might  prevent  their  being  in  close  contact.  This  grip 
must  be  increased  in  the  ratio  of  the  area  of  the  hole  to 
the  area  of  the  rivet  section,  to  allow  for  upsetting,  ,'the 
hole  being  Tt  inch  larger  in  diameter  than  the  rivet.  To 
this  result  must  be  added  the  height  required  for  the  head, 
and  the  sum  is  the  length  of  rivet  under  the  formed 
head.  Assume  a  |-inch  button-head  rivet  with  a  grip  of 
2i  inches.     Increasing  this  grip  in  the  ratio  of  the  area  of 

(tI)'X  .7854  ^  169 
144 


the  hole   to  the   area   of  the  rivet,   or 


(f)'X.7854 

\  ^^^^^  '  -la^    ^^  common  to  both  numerator  and  denominator ) , 

gives  2i  X  iff,  or  about  2i  inches.  Adding  li  inches  for 
the  head,  the  length  of  rivet  required  is  found  to  be  2h  +  H 
=  3f  inches.  Table  II  gives  the  length  required  to  form 
one  head,  including  the  increase  due  to  excess  of  area  of 
hole  over  area  of  rivet. 

TABIiE  II 

LENGTH  OF  RITET  SHANK  REQUIRED  TO  FORM  ONE 
RIVET  HEAD 


Button  Head 

Countersunk  Head 

Grip 
Inches 

Diameter  of  Rivet.     Inches 
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Rivets  are  ordered  in  even  eighths  of  an  inch.     Table  III 
shows  the  lengths  of  rivets  required  for  the  different  grips. 
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TABLE   III 

LENGTH    OF    RIVETS    REQUIRED    FOB    VARIOUS    GRIPS, 

INCLUDING    AMOUNT    NECESSARY    TO 

FORM     ONE    HEAD 


[« Lerigif/?-^—  — *l 
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SPACIKG    OF    RIVETS 

9.  Pitch. — The  pitch,  or  distance  from  center  to  center 
of  rivets,  should  be  at  least  three  diameters  of  the  rivet.  If 
spaced  closer,  the  material  is  likely  to  fracture  or  become 
otherwise  injured.  For  members  in  compression,  the  pitch  in 
the  direction  of  the  stress  should  not  be  greater  than  6  inches, 
or  sixteen  times  the  thickness  of  the  thinnest  outside  plate. 
If  possible,  the  pitch  should  be  kept  in  even  inches,  making 
it  either  2,  3,  4,  5,  or  6  inches,  as  the  case  may  require, 
especially  when  'the  rows  are  long.  In  girder  and  bridge 
work,  the  maximum  pitch  of  rivets  used  is  6  inches,  although 
some  authorities  recommend  less.  It  is  usual  to  space  the 
rivets  closer  at  the  joints  and  foot  of  a  column  than  in  the 
body;  when  f-inch  rivets  are  used,  it  is  customary  to  space 
them  3  inches  on  centers  at  the  joints  and  bottom,  and  from 
4i  to  6  inches  on  centers  in  the  remainder  of  the  column;  when 
the  rivets  are  1  inch,  they  should  be  spaced  about  4  inches  at 
the  joints  and  6  inches  throughout  the  length  of  the  column. 

In  Table  IV  are  given  the  maximum  and  minimum  pitches 
of  the  different  sized  rivets  and  the  minimum  and  usual  dis- 
tances from  the  end  of  piece. 

TABLE  IV 

RIVET    SPACING 
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of 

Rivet 

Minimum 
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TABLE    VI 

STANDARD    SPACING    OF    RIVETS    AND    BOLTS    IN   FLANGBS 

AND    CONNECTION    ANGLES    OF    CHANNELS,    AND 

TANGENT    DISTANCES    BETWEEN    FILLETS 

MEASURED    ALONG    THE    WEB 


Depth  oE 

Channel 

Inches 

Weight 
Pounds 
per  Foot 

1— 1 

en 
0) 

a 
I— 1 

tn 

a 

1— 1 

Depth  of 

Channel 

Inches 

Weight 

Pounds 

per  Foot 

If) 

PI 

CI 
1— ( 

03 

.S 

0 

3 

4.00 

1  5 
1  6 

aU 

1 

4 

ill 

8 

21.25 

I'h 

sA 

if 

6A 

3 

5.00 

H 

4f 

1 

iH 

9 

13-25 

if 

4f 

if 

7i 

3 

6.00 

If 

4I 

9 
32 

iH 

9 

15.00 

iT^e 

,  2  5 

4T2 

if 

7i 

4 

5-25 

I 

4H 

A 

2H 

9 

20.00 

lA 

4lf 

8  . 

7i 

4 

6.25 

I 

4f 

9 
32 

2H 

9 

25.00 

if 

si 

.•i2 

7i 

4 

7-25 

I 

4H 

A 

2H 

10 

15.00 

li 

4f 

A 

8tV 

5 

6.50 

I 

.11 

4l  6 

A 

3t 

10 

20.00 

if 

4ff 

A 

8A 

S 

9.00 

li 

4li 

A 

3t 

10 

25.00 

li 

5  "32" 

3 

8 

81% 

5 

11.50 

li 

4U 

A 

3t 

10 

30.00 

iH 

sA 

if 

8A 

6 

8.00 

ii\ 

4T¥ 

11 
32 

4i 

10 

35-00 

2tV 

sA 

7 

8A 

6 

10.50 

i-i\ 

4  ft 

M 

4* 

12 

20.50 

if 

432 

if 

9if 

6 

13.00 

lA 

4H 

ii 

4* 

12 

25.00 

li 

4I 

i 

9M- 

6 

15-50 

irg- 

5-iV 

3  2 

4* 

12 

30.00 

2 

5 

1  5 
32 

9H 

7 

9-75 

lA 

411 

1 1 

32 

sA 

12 

35-00 

2i 

5-i 

i 

9H 

7 

12.25 

lA 

4lf 

f 

51^ 

12 

40.00 

2i 

si 

ii 

1 5 

9T6 

7 

14-75 

lA 

4ft 

8 

51^ 

15 

33-00 

li 

4fl 

fi 

I2f 

7 

17-25 

li 

5~3~3 

8 

5-1^ 

IS 

35-00 

iH 

4lt 

fi 

I2I 

7 

19-75 

li 

5* 

f 

5^ 

IS 

40.00 

2 

SsV 

ii 

I2f 

8 

1 1.25 

li 

4ff 

1 

6fu 

15 
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2i 

si 

1 

128 

8 

13-75 

lA 

4H 

13. 
3  2 
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IS 
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2i 

sA 

fi 
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8 
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if 

4fl 

f 

6A 

IS 

55-00 

2A 

sA 
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32 

I2f 

8 

18.75 

li 

5 

1_3. 
3  2 

6i\ 
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10.  Distance  From  End. — In  order  to  avoid  the 
danger  of  fracturing  the  material,  rivets  should  not  be 
placed  too  near  the  edge  or  end  of  the  plate.  (Owing  to 
the  greater  strength  of  wrought  iron  in  the  direction  of 
the  fiber,  rivets  in  wrought  iron  may  be  placed  nearer  the 
edge  than  the  end.)  According  to  practice,  the  distance 
between  the  edge  of  any  piece  and  the  center  of  the  rivet 
hole  should  not  be  less  than  li  inches  for  f-inch  and  i-inch 

TABLE  VII 

STANDARD    SPACING    OF    RIVETS    AND    BOLTS    IN    ANGLES. 
WITH    MAXIMUM    SIZE    OF    RIVETS    TO    BE    USED 


Length 

Diameter 

Length 

Diameter 

Length 

m 

Inches 

Diameter 

of  Leg 
Inches 

Inches 

of  Rivet 
Inches 

of  Leg 
Inches 

Inches 

of  Rivet 
Inches 

of  Leg 
Inches 

of  Rivet 
Inches 

\ 

7 

1 
4 

2 

i^ 

f 

3i 

n  (u  en 

I 

A 
ii 

f 

2i 
2^ 

1 
4 

4 
4J 

ependi 
rof  riv 
3f  met 
of  leg 

lA 

1 

4 

2* 

It 

J 

5 

rf 

f 

\ 

2^ 

I J 

1 

6 

0  a  0)  a 
3  c«  c  u 

i4 

,3 

15 

1 

a 
5 

3 

if 

7 

7 

aria 
ondi 
thick 
and 

I4 

16 

8 

1> 

rivets,  except  in  bars  less  than  22  inches  wide;  when  prac- 
ticable, it  should  be  at  least  two  diameters  of  the  rivet 
for  all  sizes  and  should  not  exceed  eight  times  the  thick- 
ness of  the  plate.  A  simple  rule  is  to  make  the  end  distance 
twice  the  diameter  of  the  rivets  and  the  side  distance  \  inch 
less  than  this. 

11.  Cleai-ance. — A  certain  amount  of  clearance  is 
required  for  tools  in  forming  the  heads  of  rivets  in  shapes 
having  short  flanges.     For  a  i-inch  rivet,  the  distance  from 
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TABIiE  VIII 

STANDARD    SPACING    OF    BIVETS     AND    BOLTS    IN    T    BARS, 
WITH    MAXIMUM    SIZE    OF    RIVETS    TO    BE    USED 


Width 

Maximum 

Maximum 

Depth 

Weight 

Diameter 

Diameter 

OI 

Flange 
Inches 

of  Bar 
Inches 

Pounds  per 
Foot 

fit 
Inches 

of  Rivet 
in  Stem 

Inches 

of  Rivets 
in  Flange 

Inches 

Inches 

3i 

3* 

9-30 

2 

I 

if 

1 

3 

3 

7.80 

ll 

1 

li 

i 

3 

3 

6.60 

if 

7 

8 

li 

i 

2* 

2i 

S-SO 

if 

f 

li 

i 

2i 

2i 

4.90 

li 

f 

li 

i 

2i 

2j 

4.10 

li 

4 

li 

i 

2 

2 

4-30 

li 

f 

I 

i 

2 

2 

3-70 

li 

f 

I 

i 

if 

ll 

i.8s 

1 

i 

5. 
8 

i 

li 

li 

1.61 

ii 

i 

5. 
S 

i 
4 

lA 

11% 

1-53 

5 

8 

i 

* 

i 

li 

li 

1-39 

A 

i 

f 

i 

I 

I 

.89 

A 

f 

f 

i 

3i 

4 

9.90 

2i 

1 

if 

f 

5 

3 

13.60 

if 

i 

2f 

f 

3 

2i 

7.20 

if 

f 

li 

i 

2l 

li 

2.90 

ii 

1 
2 

li 

i 

li 

I-lV 

1.49 

A 

f 

f 

0. 
4 
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the  center  of  the  rivet  to  the  back  of  the  angle  should  not 
be  less  than  U  inches;  and  for  a  f-inch  rivet,  this  distance 
should  not  be  less  than  li  inches.  The  perpendicular  distance 
between  the  center  line  of  a  rivet  in  one  leg  of  an  angle  and 
the  top  of  a  rivet  head  on  the  other  leg  should  not  be  less 
than  It  inches. 

Tables  V  and  VI  give  the  standard  spacing  (adopted  by 
the  Cambria  Steel  Company)  of  rivets  and  bolts  in  flanges 
and  connection  angles  of  I  beams  and  channels,  and  the  tan- 
gent distances  between  fillets  measured  along  the  web. 
In  Tables  VII  and  VIII  are  given  the  standard  spacings  of 
rivets  and  bolts  in  angles,  T  bars, 
and  Z  bars,  with  the  maximum  size 
of  rivets  to  be  used. 


o 


ANALYSIS    OP    KIVETED    JOINTS 

12.     Every  riveted  joint  is  one 
of  two  kinds:  a  lap  joint,  as  shown 
in  Fig.  3,  or    a    butt  joint,  as   in 
Fig.  4,  either  of  which  may  be  single-,  double-,  triple-,  or 
quadruple-riveted.     When    there    is    more    than   one    row, 


—^^> — 

Fig.  3 


o 

o 

o 

o 

o 

o 

O 

o 


o 


W/ffi  S/ni^/e  Coyer  P/afe 


W/ff)  Doui?/e  Coi/erP/ate 


Fig.  4 


the  riveting  may  be  either  chain  or  zigzag,  usually  called 
staggered. 

The  one  most  frequently  used  is  the  butt  joint,  it  being 
more  symmetrical  and  more  effective.  It  is  always  prefer- 
able to  the  lap  ioint,  which  is  made  use  of  only  in  unim- 
portant details. 
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TABLE  IX 

STANDARD     SPACING    OF    RIVETS    AND    BOLTS    IN    Z    BARS, 
WITH    MAXIMUM    SIZE    OF    RIVETS    TO    BE    USED 


Depth  of  Bar 
Inches 

Weight 
Pounds  per  Foot 

m 
Inches 

Maximum 

Diameter  of 

Rivets 

Inches 

3  to  3V6 

4  to  4i 

5  to  si 

6  to  6i 

6.7  to  14.2 
8.2  to  23.0   . 
II. 6  to  28.3 
15.6  to  34.6 

if 
if 
li 
2 

f 

7 

8 

I 

13.  Joints  in  Tension. — A  simple  lap  joint  in  tension 
with  only  one  rivet,  as  shown  in  Fig.  5,  will  first  be  con- 
sidered.    This  joint  is  liable  to  fail: 

1.  By  one  or  both  bars  tearing  across,  as  in  Fig.  6. 

2.  By  the  rivet  being  sheared,  as  in  Fig.  7. 

3.  By  the  rivet  cutting  into  the  bar,  or  the  bar  cutting  into 
the  rivet,  as  in  Fig.  8,  according  to  which  metal  is  the  softer. 

4.  By  the  bar  being  sheared  by  the  rivet,  as  in  Fig.  9. 


) 


CL. 


:) 


-O-       |: 


uu 


Fig.  5  Fic.  6  Fig.  7  Fig.  8  Fig.  9 

In  order  to  secure  a  good  joint,  therefore,  it  is  necessary 
to   calculate   the   stresses   coming   upon   the   joint   and   to 
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arrange  the  number,  size,  position,  and  pitch  of  rivets  and 
the  dimensions  of  the  plates  to  effectively  resist  those 
stresses. 

The  cause  of  the  first  method  of  failure  is  the  inability  of 
the  net  section  of  the  bar  to  resist  the  stress.  To  find  the 
net  section,  deduct  the  diameter  of  the  rivet  hole  from  the 
width  of  the  bar  and  multiply  by  the  thickness.  Table  X 
gives  the  areas  to  be  deducted  to  obtain  the  net  sections  of 
riveted  plates  when  the  thickness  of  plate  and  diameter 
of  rivet  hole  are  given.  Therefore,  to  insure  strength,  the 
area  of  this  net  section  multiplied  by  the  safe  tensile 
strength  of  the  steel  per  square  inch  must  equal  the  tensile 
stress  on  the  joint. 

14.  Bearing  Value  on  Plates. — When  the  diameter  of 
the  rivet  is  large  in  proportion  to  the  thickness  of  the  plate, 
the  joint  or  connection  is  liable  to  fail  by  the  crimping  of  the 
plate,  as  shown  in  Fig.  10.  This  occurs  when  the  resistance 
of  the  plate  to  crush- 
ing or  crimping  is  less 
than  the  resistance  of 
the  rivet  to  shear. 

Considering  the 
second  method  of 
failure,  the  strength 
depends  on  the  bear-  Fig.  lo 

ing  value  of  the  plate  or  rivet,  and  as  this  varies  with  the  bear- 
ing area  of  the  rivet  on  the  plate,  which  is  assumed  to  be  td, 
the  bearing  value  B  of  the  plate  is  expressed  by  the  formula, 

B  =  tdn  (1) 

in  which  t  =  thickness  of  plate; 
d  =  diarneter  of  rivet; 
rt  =  safe  bearing  .resistance  per  square  inch. 

15.  The  condition  of  the  plates  in  the  joint  shown  in 
Fig.  11  (a)  is  called  ordinary  bearing,  while  the  plate  m  con- 
nected as  shown  in  {b)  is  said  to  be  in  web  bearing.  This 
distinction  is  important,  because  the  bearing  value  of  a  web- 
plate  is  greater  than  that  of  an  outside  plate,  the  value  for 
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web  bearing  being  about  one-third  greater  than  that  for 
ordinary  bearing.  Owing  to  the  support  that  the  material 
around  the  hole  receives  from  the  rest  of  the  plate,  its  bear- 
ing value  is  greater  than  the  compressive  strength  of  the 
material  when  not  so  supported.  The  safe  bearing  strength 
of  the  rivet  on  the  plate,  for  ordinary  bearing,  is  assumed  to 
be  one  and  one-half  times  its  compressive  strength,  and  for 

web  bearing  the  safe 


bearing  strength  is  as- 
sumed to  be  double  the 
compressive  strength 
of  the  material. 

In  deducting  the  rivet 
holes,  to  ascertain  the 
net  section  of  a  riveted 
plate,  the  diameter  of 
the  hole  is  taken  as 
8  inch  larger  than  the 
diameter  of  the  rivet. 
As  the  tensile  strength  of  iron  and  steel  used  in  the  manu- 
facture of  rivets,  pins,  and  plates  for  structural  work  is 
more  easily  determined  by  tests,  and,  therefore,  better 
known  than  either  its  compressive  or  shearing  strength, 
it  is  customary  to  use  this  as  a  basis  from  which  to  calcu- 
late the  bearing  value  of  plates  and  the  shearing  strength 
of  rivets  and  pins. 

Good  practice  assumes  that  the  compressive  strength  of 
steel  or  high-test  iron  is  about  thirteen-fifteenths  of  its 
tensile  strength;  that  is,  if  the  safe  tensile  strength  of  the 
material  per  square  inch  of  section  is  15,000  pounds,  the 
safe  compressive  strength  may  be  taken  as  thirteen-fifteenths 
of  15,000  =  13,000  pounds. 

The  bearing  strength  of  the  rivet  on  the  plate,  for  ordinary 
bearing,  is  found  to  be  1.8  times  the  shearing  strength  of  the 
rivet,  according  to  the  assumptions  made  in  this  and  the 
following  paragraphs,  but  it  is  common  in  practice  to  con- 
sider the  bearing  value  as  twice  that  for  shear,  as  shown 
in  Table  XIII. 
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16.  Shearing  Strength  of  Rivets,— When  a  rivet 
shears,  the  tendency  is  to  cut  straight  through  it  across  its 
section,  as  shown  in  Fig.  12  (a)  and  (6).  The  resistance  of 
the  rivet  to  shear  depends  on  the  area  of  its  cross-section. 


The  shearing  strength  is  considered  to  be  five-sixths  of  the 
compressive  strength.  For  example,  the  tensile  strength  is 
15,000  pounds  and  the  compressive  strength  13,000  pounds, 
the  shearing  strength  becomes  five-sixths  of  13,000,  or 
10,833  pounds  per  square  inch  of  section. 

Where  there  are  only  two  plates  connected,  as  shown 
in  Fig.  12  (a),  the  tendency  is  to  cut  the  rivet  on  the 
single  plane  ad.  A  rivet  in  this  position  is  said  to  be  in 
single  shear. 

At  {b),  the  tendency  is  to  cut  through  the  rivet  on  both 
the  planes  a  b  and  cd;  under  these  conditions  the  rivet  is  in 
double  shear,  and  it  is  evident  that,  since  the  rivet  will  shear 
across  at  two  places,  it  will  be  twice  as  strong  as  when  the 
tendency  is  to  shear  through  only  one  section. 

17.  Shearing  of  Plate. — To  prevent  the  fourth  method 
of  failure,  the  lap  should  be  sufficient  to  prevent  the  plate 
from  shearing,  as  shown  in  Fig.  9.    Since  two  surfaces  have 

to  be  sheared,  each  having  an  area  of  ;!  X  -  (in  which  /  equals 
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Fig.  13 


the  lap),  the  resistance  to  shear  is  2  if  X  —  X  r.,  or  ^  lr„  when 

Vs  is  the  shearing  strength  of  the  plate  per  square  inch. 

18.  A  butt  joint  with,  a  single  cover-plate  may  be 

considered  as  two  lap  joints  placed  close  together,  its 
strength  depending  on  the  number  of  rivets  on  one  side  of 
the  butt,  or  half  the  entire  number  of  rivets.  The  cover- 
plate  should  have  at  least  the  same  thickness  as  the  plates 
to  be  joined. 

19.  In  a  butt  joint  with  two  cover-plates,  the  thick- 
ness of  each  cover-plate  should  be  at  least  half  the  thickness 
of  the  plates  joined.     The  only  difference  in  the  strength 

of  this  joint  and  that 
having  one  cover-plate 
is  that  the  rivets  have 
twice  as  much  shearing 
resistance. 

It  must  also  be  re- 
membered that  as  the  plates  connected  are  in  web  bearing, 
they  have  a  greater  bearing  value  than  the  cover-plates, 
which  are  in  ordinary  bearing. 

The  methods  of  calculation  are  the  same  for  double-, 
triple-,  or  quadruple-riveted  joints,  the  entire  bearing  value 
and  shearing  value  depending  on  the  number  of  rivets  used. 

20.  Tensile  Strength  of  Plates.— In  Fig.  13,  the 
tensile  strength  of  the  plate  depends  on  the  net  section 
through  the  outside  row  of  rivets,  as  it  does  also  in  Fig.  14. 
The  first  method,  there- 
fore, weakens  the  plates 
more  than  the  second  by 
one  rivet  hole,  but  both 
have  the  same  bearing 
value  and  the  same 
shearing  strength,  since  the  number  of  rivets  in  each  case  is 
the  same.  In  Fig.  15,  the  bearing  and  shearing  values  are 
the  same  as  in  the  previous  cases,  but  the  plates  joined  are 
stronger,  since  they  are  weakened  by  only  one  rivet  hole,  for, 


Fig. 14 
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Fig.  15 


before  the  plate  can  tear  across  the  section  A-A,  the  lead- 
ing rivet  a  must  fail  by  shearing  or  bearing.  This  counter- 
balances the  weaken- 
ing of  the  plate  caused 
by  one  rivet  hole,  so 
that  the  section  A-A 
is  really  only  weakened 
by  one  rivet  hole  and 
is  as  strong  as  the  one 
through  the  leading 
rivet  a.  It  will  also  be  seen  that  the  section  through  d,  e, 
and  /  is  even  stronger  than  either  of  the  other  two,  since 
before  it  can  fail  the  three  rivets  a,  b,  and  c  must  fail. 

21.  The  cover-plates,  however,  have  their  section  reduced 
by  three  rivet  holes  and  must  therefore  be  thicker  than  half 
the  thickness  of  the  plates  joined.  Knowing  the  tensile 
strength  of  the  plate,  its  breadth,  the  diameter  of  the  rivet 
holes,  and  the  unit  tensile  strength  of  the  steel  or  iron, 
the  thickness  of  the  cover-plates  to  be  used  in  a  case  like 
Fig.  15  can  be  found  by  the  formula. 


t'  = 


R. 


2{b  -  Zd)r, 


(2) 


in  which  t'  —  thickness  of  one  cover-plate; 
Rt  =  tensile  strength  of  the  plate; 
b  =  breadth  of  plate; 
d  =  diameter  of  rivet  hole; 
rt  =  safe  unit  tensile  strength  of  steel  or  iron. 

22.  Rivets  In  Single  Shapes. — The  difficulty  in  using 
single  shapes  for  tension  members  is  to  provide  proper  con- 
nections at  the  ends.  The  arrangement  of  the  rivets  should 
be  such  as  to  make  the  net  area  as  great  as  possible,  so  that 
the  efficiency  of  the  metal  will  be  maximum.  The  rivets, 
therefore,  should  be  placed  symmetrically  with  respect  to  the 
axis  of  the  piece,  and  the  cross-section  should  be  reduced  as 
little  as  possible,  as  in  Fig.  16  (a),  where  the  cross-section 
of  the   plate   is  reduced    by   only   one   or  two   rivet    holes. 


22 


DETAILS  OP  CONSTRUCTION 


§25 


Where  the  rivets  are  arranged  as  shown  in  Fig.  16  {b),  a 
section  at  right  angles  to  the  axis  of  the  member  cuts  two 
and  in  most  cases  three  rivet  holes,  and  consequently  this 
design  is  not  as  efficient  as  the  one  shown  in  {a). 


Fig.  16 

Angle  irons  should  be  attached  through  both  legs  to 
develop  the  greatest  strength  and  the  rivets  should  be 
arranged  symmetrically,  as  in  plates.  Fig.  17  shows  the 
detail  as  it  is  usually  made. 

23.  Rivets  in  Compound  Sections. — Sections  com- 
posed of  two  or  more  simple  shapes  riveted  together  are 

used  in  cases  where  the  mem- 
ber requires  special  stiffness. 
If  the  end  attachment  is  made 
by  means  of  a  pin,  the  built 
member  is  usually  reenforced 
by  pin  plates,  which  reduce  the 
unit  pressure  on  the  pin. 

In  designing  pin  plates  in  im- 
portant menibers,  they  are  often 
made  strong  enough  to  realize 
the  utmost  working  capacity  of 

the  member  and  not  merely  for  the  total  stress  to  which 

the  member  will  be  subjected. 

24.  Joints  in  Compression. — If  it  were  possible  to  fit 
a  joint  perfectly,  the  compressive  stress  would  be  trans- 
mitted across  the  joint  entirely  by  the  plates  and  the  only 


Fig.  17 
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use  of  the  rivets  would  be  to  hold  the  plates  together.  But 
as  a  perfect  fit  cannot  be  insured,  the  entire  stress  is 
assumed  to  be  transmitted  by  the  rivets,  and  the  calculations 
are   the  same   as   for  rivets   in   tension  joints.     The  only 


Fig. 18 

difference  is  that  there  is  no  deduction  made  from  the  cross- 
section  for  rivet  holes,  as  the  rivet  completely  fills  up  the 
hole  and  transmits  the  stress. 

It  is  necessary  sometimes  to  have  the  longitudinal  pitch 
less  than  in  tension  joints  to  avoid  the  danger  of  buckling 
the  plates  between  the  rivets,  as  in  Fig.  18. 

25.  Tables  of  Bearing  Values  of  Riveted  Plates 
and  Shearing  Values  of  Rivets. — In  order  to  avoid  the 
necessity  of  calculating  the  shearing  value  of  the  rivets  and 
the  bearing  value  of  the  riveted  plates  and  rolled  sections. 
Tables  XI  and  XII  have  been  prepared.  It  will  be  noticed 
that  the  areas  and  shearing  values  for  both  double  and 
single  shear  are  given  in  Table  XI  for  rivets  from  f  inch  to 
1  inch  in  diameter,  using  unit  allowable  shearing  stresses  of 
6,000,  6,750,  7,500,  and  9,000  pounds  for  single  shear,  and 
double  these  amounts  for  double  shear. 

Table  XII  gives  the  bearing  values  of  riveted  plates  for 
different  thicknesses  of  plate  and  unit  allowable  bearing 
stresses  of  12,000,  13,600,  15,000,  and  18,000  pounds. 

The  usual  allowable  strains,  in  pounds  per  square  inch, 
on  riveted  work  are  given  in  Table  XIII. 

26.  In  designing  a  riveted  joint,  it  is  necessary  to  cal- 
culate the  number  of  rivets  required  to  resist  the  shear  and 
the  number  i-equired  to  provide  sufficient  bearing  on  the 
plate.  The  greater  value  must  be  adopted  as  the  number  of 
rivets  to  be  used.  By  dividing  the  total  tensile  stress  in  the 
bar  by  the  values  taken  from  Tables  XI  and  XII,  the  number 
of  rivets  required  for  bearing  and  the  number  for  shearing 
are  obtained. 
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In  Table  XII,  the  bearing  values  between  the  lower  and 
upper  zigzag  heavy  lines  in  each  group  are  greater  than 
single  shear  and  less  than  double  ghear  for  the  corresponding 
dimensions,  so  that  in  case  of  single  shear,  the  single-shear- 
ing value  governs,  and  in  case  of  double  shear,  the  bearing 
value  governs  the  design. 

The  bearing  values  above  and  to  the  right  of  the  upper 
zigzag  heavy  lines  are  greater  than  double  shear  for  the 
corresponding  dimensions,  so  that  in  these  cases  the  shear- 
ing values  govern  the  design. 

The  bearing  values  below  and  to  the  left  of  the  lower  zig- 
zag heavy  lines  are  less  than  single  shear,  and  in  these  cases 
the  bearing  values  govern  the  design. 

TABLE  XIII 
ALI.OWABL.E    STRAINS    ON    RIVETED    AVORK 


Rivets 

Shearing 
Pounds 

per 

Square 

Inch 

Bearing 
Pounds 

per 
Square 

Inch 

Iron  rivets  in  railroad  bridges 

Iron  rivets  in  highway  bridges  and  build- 
ings     

Steel  rivets  in  railroad  bridges    .... 

Steel  rivets  in  highway  bridges  and  build- 
ings       ....            

6,000 

7,500 
7,500 

9,000 

12,000 

15,000 
15,000 

18,000 

Example  1. — Two  pieces  of  structural  steel  are  joined  by  ijivets,  as 
shown  in  Fig.  19.  If  the  tensile  strength  of  the  steel  is  60,000  pounds 
per  square  inch,  and  a  factor  of  safety  of  4  is  used,  what  is  the  safe 
strength  of  this  joint? 

Solution. — The  safe  tensile  strength  of  the  steel  is  60,000  -h  4 
=  15,000  lb.  per  sq.  in.  The  width  of  the  pieces  connected  is  2i  in., 
from  which  is  to  be  deducted  1  in.  for  the  rivet  hole,  leaving  a  net 
width  of  li  in.,  which,  multiplied  by  the  thickness  of  the  plate,  gives 
a  net  area  of  li  X  f  .=  .5625  sq.  in.  Then,  .5625  X  15,000  =  8,437  lb., 
the  strength  of  the  plate. 

To  determine  whether  the  strength  of  the  rivets  is  equal  to  the  net 
section  of  the  plate:    Taking  the  compressive  value  of  the  plate  as 
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thirteen-fifteenths  of  15,000  lb.,  or  13,000  lb.  per  sq.  in.,  and  the  rivets 
being  in  ordinary  bearing,  the  safe  bearing  strength  is  13,000  X  H 
=  19,500  lb.  per  sq.  in.  of  bearing  area.  The  bearing  area  is 
J  X  f  =  .328  sq.  in.;  therefore,  the  safe  bearing  strength  for  one 
rivet  is  19,500  X  .328  =  6,396  lb.,  and  for  the  two  it  is  2x6,396 
=  12,792  lb. 

The  sheading  strength  of  the  steel  is  five-sixths  of  13,000  =  10,833  lb. 
per  sq.  in.  The  area  of  a  f-in.  rivet  is  .601  sq.  in.,  which,  multiplied 
by  10,833,  gives  6,510  lb. ,  the  shearing  strength  of  one  rivet.  The  total 
resistance  to  shear  of  the  rivets  in  the  joint  is,  therefore,  6,510  X  2 
=  13,020  lb. 

The  safe  resistance  of  the  three  elements  entering  into  the  strength 
of  the  joint  is,  therefore,  as  follows:  Resistance  of  net  section  of  the 
plate  =  8,437  lb.;  bearing  value  of  the  plate  =  12,792  lb.;  shearing 
strength  of  the  two  rivets  =  13,020  lb.;  from  which  it  is  easily  seen 
that  the  strength  of  the  joint  is  that  of  the  net  section  of  the  plate, 
8,437  lb.    Ans. 

Since  the  bearing  value  of  the  plate  and  the  shearing  strength  of 
the  rivets  are  considerably  in  excess  of  this  amount,  it  appears  that  the 
rivets  are  large  for  the  joint,  and  it  is  probable  that  f-in.  rivets  would 
give  better  results. 


a- a  Rivets 


Fig.  19 


Example  2. — Determine  the  safe  strength  of  the  riveted  joint 
shown  in  Fig.  20,  in  which  the  plates  and  rivets  each  have  a  safe 
tensile  strength  of  16,000  pounds  per  square  inch. 

Solution.— The  safe  tensile  strength  of  the  material  being  16,000 
lb.,  the  safe  compressive  strength  is  thirteen-fifteenths  of  16,000  lb., 
or  13,867  lb.,  and  the  shearing  strength  of  the  rivets  is  five-sixths 
of  13,867,  or  11, -556  lb.  per  sq.  in.  of  section.  The  area  of  the  section 
of  a|-in.  rivet  is  .601  sq.  in.;  therefore,  the  total  shearing  strength  of 
the  three  rivets,  each  of  which  is  in  double  shear,  is  2  X  .601  X  11,556 
X  3  =  41,670  lb. 

The  two  outside  plates  are  in  ordinary  bearing,  and  their  bearing 
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value  is  H  X  13,867  =  20,800  lb.  per  sq.  in.  There  are  three  rivet 
holes  m  each  plate,  each  with  a  bearing  area  of  f  x  1  =  .328  sq.  in.; 
the  total  bearing  strength  of  the  two  plates  is,  therefore,  20,800  X  .328 
X  3  X  2  =  40,934  lb. 

The  bearing  value  of  the  central  or  web-bearing  plate  at  one  rivet 
hole^is  2  X  13,867  =  27,734  lb.  per  sq.  in.,  and  the  bearing  area  is 
4  X  f  =  .656  sq.  in.;  the  total  bearing  strength  for  the  three  rivets  is, 
therefore,  27 ,.734  X  .656  X  3  =  54,580  lb. 


-J^^ C% rik 


1 


T^- 


"^r— -^— ^ 


^  Of'am.  Rivets 


Fig.  20 

The  safe  tensile  strength  of  the  central  plate  is  equal  to  its  net  sec- 
tion multiplied  by  16,000,  the  safe  unit  tensile  strength  of  the  material. 
The  net  width  of  the  plate  is  3—1  =  2  in.,  and  its  net  area,  2x1 
=  1.5  sq.  in.;  therefore,  the  safe  strength  is  1.5  X  16,000  =  24,000  lb. 
The  strength  of  the  two  outside  plates,  calculated  in  the  same  manner, 
is  found  to  be  24,000  lb.  also;  therefore,  it  is  evident  that,  since  the 
strength  of  the  net  section  of  the  plate  is  much  less  than  either  the 
strength  of  the  rivets  or  the  bearing  value  of  the  plates,  it  determines 
the  strength  of  the  joint,  which  is  24,000  lb.     Ans. 

Example  3. — The  lower  chord  of  a  roof  truss  is  made  up  of  two 
angles,  as  shown  in  Fig.  21.  A  butt  joint  in  this  member  is  reenforced 
by  the  vertical  splice  plates  a,  b,  and  d,  and  a  horizontal  plate  c.  Cal- 
culate the  number  of  f-inch  rivets  to  be  used,  the  full  safe  strength  of 
the  material -being  realized,  using  a  unit  tensile  stress  of  15,000  pounds, 
for  angles  and  pfates. 

Solution. — The  sectional  area  of  a  4"  X  Sj"  X  t"  angle  is  2,67  sq.  in. 
The  cross-section  of  the  two  angles  is  2.67  X  2  =  5.34  sq.  in.  If  the 
rivets  are  staggered  in  the  two  legs  of  the  angles,  their  section  will 
be  reduced  by  two  rivet  holes,  or  2XiX|  =  .65625  sq.  in.  This 
leaves  a  net  sectional  area  of  4.68375  sq.  in.  Since  the  unit  tensile 
stress  is  15,000  lb.,  the  total  stress  in  the  joint  is  4.68375x15,000 
=  70,256  lb.,  which  stress  must  be  taken  up  by  the  four  plates  a,  d,  c, 
and  d. 

First  determine  the  number  of  rivets  in  the  horizontal  plate  c.     The 
net  section  of  this  plate  =  (7i  X  I)  -  (2  X  J  X  f )  =  2.0625  sq.  in.,  and 
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its  resistance  is  2.0625  X  15,000  =  30,937  lb.  Using  the  usual  unit 
shearing  stress  o£  iron  rivets  in  buildings,  which  is  7,500  lb.,  the  value 
of  a  f-in.  rivet  in  single  shear  will  be  found,  from  Table  XI,  to  be 
3,313.  Therefore,  the  number  of  rivets  required  in  the  plate  c  is  30,937 
-H  3,313  =  9;  but  to  make  the  joint  symmetrical,  ten  rivets  must  be 
used,  five  being  placed  on  each  side,  at  a  pitch  of  4  in.,  the  end  dis- 
tance being  If  in.,  and  the  distance  from  center  of  rivet  to  the  butt 
joint  li  in.,  as  in  Fig.  21. 


ZArjq/es  , 


IPIafe  Sr'xf"'' 
Fig.  21 


Next  ascertain  whether  the  resistance  of  plates  a,  b,  and  rfis  sufficient 
to  resist  the  remaining  stress,  not  taken  up  by  c.  This  equals  70,2§6 
-  30,937  =  39,319  lb.  The  net  section  of  plate  d  =  (4  X  f )  -  (I  X  f ) 
=  1.172  sq.  in.  The  net  section  of  a  and  6  =  2  X  [(3.5  X  I)  -  (I  X  I)] 
=  1.968  sq.  in.  The  total  net  section  of  these  three  plates  is, 
therefore,  1.968  +  1.172  =  3.14  sq.  in.,  and  their  resistance  equals 
3.14  X  15,000  =  47,100  lb.,  which  more  than  equals  the  stress 
39,319  lb. 

Now  calculate  the  number  of  rivets  through  the  vertical  flanges  and 
plates.  The  bearing  values  of  these  vertical  members,  taken  from 
Table  XII,  are  as  follows: 

Three  splice  platesl'^'^  Zt  '^^^"'^^4,219  X  U  =  5.625  lb. 
LaandOmordmary  bearmg      8,438  1b. 

Sum 14,063  lb. 

Two  angle  legs  in  web  bearing 11,250  lb. 

_.         fin  double  shear  in  one  plate  rf 6,627  1b. 

1  in  single  shear  in  two  plates  a  and  i    .    .    6,627  1b. 

Sum 13,254  lb. 

Rivet  in  double  shear  in  two  angle  legs    .    .    .  13,254  lb. 

From  the  above,  it  will  be  seen  that  the  value  11,250  is  the  least 
and  therefore  it  governs  the  design.  The  number  of  rivets  through 
these  members  is  47,100  -h  11,250  =  4,  which  are  staggered  with 
respect  to  those  in  the  horizontal  members, 
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Example  4. — Fig.  22  represents  the  lower  end  of 
a  Fink  roof  truss,  which  is  connected  by  means  of  a 
members.  Each  channel  is  reen- 
forced  by  a  pin  plate,  as  shown. 
Determine  the  number  of  f-inch 
rivets  to  be  used  in  each  pin  plate, 
the  allowable  unit  shearing  stress 
being  7,500  pounds. 

The  detailing  is  to  be  done  for  the 
actual  stress  to  which  the  member  is 
subjected,  the  total  compressive  stress 
in  the  member  being  48,000  pounds. 

Solution. —  The  distribution  of 
stresses  between  the  pin  plate  and 
channel  is  in  direct  proportion  to 
their  respective  bearings  on  the 
pin.  Hence,  the  amount  of  stress 
3  X  .5625 


the  main  strut  in 
pin  to  the  tension 


in  one  pin  plate 
48,000 


X 


3X  (.5625  +  .32) 
15,288  lb.,  the  thickness 


of  the  channel  web  being  .32  in. 

The  shearing  value  of  a  f-in.  rivet 
in  single  shear  is  found,  from 
Table  XI,  to  be  3,313  and  the  bear- 
ing value  from  Table  XII  of  a 
f-in.  rivet  in  ordinary  bearing  in  a 
■j^-iu.,  or  .3125-in.  plate,  which  is 
nearly  the  thickness  of  the  web, 
is  3,516.  From  this  it  will  be  seen 
that  the  shearing  value  is  less  than 
the  bearing  value  and  therefore 
governs  the  design.  The  number 
of  rivets,  then,  is  15,288  -4-  3,313 
=  4.6,  or  5;  hence,  in  order  to  make 
the  joint  symmetrical,  six  rivets  in 
three  rows  will  be  used,  two  rows 
above  the  pin  and  one  below,  as 
shown  in  Fig.  22.     Ans. 


EXAMPLES    FOR    PRACTICE 

1.  What  are  the  safe  strengths 
of  I-,  f-,  and  1-inch  rivets,  in  double 
shear,    and    also    in    single    shear, 


S"»-jx/3'p/n  P/ate 
Fig.  22 
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assuming  that  the  safe  tensile  strength  of  the  material  used  in  their 
manufacture  is  15,000  pounds  per  square  inch  of  section? 

Diameter  of  Rivet    Double  Shear  Single  Shear 
Inch                          Pounds  Pounds 

i  13,028  6,514 

Ans.l  i  9,572  4,786 

6,648  3,324 

2.     What  pulling  force  will  two  pieces  of  f  X  2i"  bar  safely  resist, 
provided  that  they  are  connected  at  the  ends  by  two  |-inch  rivets,  as 

shown    in    Fig.    23?      The 

safe  tensile  strength  of  the 

material  in  rivets  and  bars 

~^  is  15,000  pounds. 

-^  Ans.  9,140  lb. 

3.     What  is  the  safe  re- 

„   -7,  _  sisting   moment    of    a    pin 

^xa^Wrt.  Iron  Bar  g    j^^j^g^     i^     diameter,     if 

Fig.  23  ^j^g    g^^fg    strength    of    the 

material  is  20,000  pounds  per  square  inch?  Ans.  245,400  in. -lb. 

4.     It  is  necessary  to  construct  the  connection  of  a  tension  member 

as  shown  in  Fig.  24,     What  is  the  safe  load  that  this  member  will 


'£xe  "Wrt.  Iron  Bar 

Fig.  24 


^xa  Wrf.lronBar. 


carry,  if  the  safe  tensile  strength  of  the  material  in  both  the  rivets  and 
bars  is  18,000  pounds  per  square  inch?  Ans.  11,250  lb. 


PIN   CONNECTIONS 


COMPARISON    WITH    KITETED    CONNECTIONS 

27.  While  riveted  connections  make  a  stiffer  structure 
and  one  that  is  less  liable  to  accident  from  the  failure  of  a 
single  member,  pin  connections  can  be  more  satisfactorily 
designed  since  they  are  almost  free  from  secondary  stresses. 
The  riveted  system  generally  requires  more  material  than 
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the  pin  system  and  the  latter  requires  more  skilled  work- 
manship. The  pin  system  is  the  cheaper  for  a  long  span 
but  for  a  short  span  it  is  sometimes  more  expensive.  Good 
results  can  be  obtained  by  either  system,  and  the  item  of 
cost  will  usually  be  the  controlling  factor. 


METHODS    OF    FAILURE 

28.  A  pin  is  subject  to  strain  in  three  ways:  by  shear- 
ing, by  bending,  and  by  crushing  of  the  plates.  Frequently, 
the  first  is  not  considered,  as  the  size  of  pin  required  to 
resist  the  bending  and  bearing  stresses  generally  exceeds 
that  required  for  the  shear. 

The  usual  stresses  allowed  for  pins,  in  pounds  per  square 
inch,  are  given  in  Table  XIV. 

TABLE   XIV 

ALLOWABLE    STRESSES    ON    PINS 


Kind  of  Pin 

Shearing 
Pounds  per 
Square  Inch 

Bearing 
Pounds  per 
Square  Inch 

Bending 
Pounds  per 
Square  Inch 

Iron  pins,  railroad  bridges 

7,500 

12,000 

15,000 

Iron  pins,  highway  bridges 

and  buildings    .... 

9,000 

15,000, 

18,000 

Steel  pins,  railroad  bridges 

9,000 

15,000 

18,000 

Steel  pins,  highway  bridges 

and  buildings    .... 

11,250 

i8,ooo 

22,500 

CALCULATIONS    FOR    RESISTANCE 

29.  Shearing. — As  ~the  shearing  strength  of  a  pin 
depends  on  its  cross-section,  the  method  of  calculating  this 
value  is  the  same  as  for  rivets,  and  the  maximum  shear  at  any 
section  on  the  pin  is  equal  to  the  square  root  of  the  sum  of 
the  squares  of  the  horizontal  and  vertical  shears  at  that  point. 

The  shearing  values  of  pins  of  different  diameters  are 
given  in  Table  XV,  the  allowable  stresses  given  in  the 
previous  article  being  used. 
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TABLE  XV 
SHEARING    VALUES    OF    PINS 

Shearing  value  =  area  of  pin  X  shearing  stress  per  square  inch 


Shearing 

Shearing 

Shearing 

Shearing 

Diameter 
of 
Pin 

Area 

Value 

Value 

Value 

Value 

of 

at  1,000 

at  7,500 

at  9,000 

at  11,250 

Pin 

Pounds 

Pounds 

Pounds 

Pounds 

Square 
Inches 

per 

per 

per 

per 

Inches 

Square  Inch 

Square  Inch 

Square  Inch 

Square  Inch 

Pounds 

Pounds 

Pounds 

Pounds 

itV 

1.62 

1,620 

12,150 

14,600 

18,200 

iH 

2.24 

2,240 

16,800 

20,200 

25,200 

iH 

2.95 

2,950 

22,100 

26,550 

33,200 

21% 

3.76 

3-760 

28,200 

33,800 

42,300 

2^ 

4.67 

4,670 

35,000 

42,000 

52,500 

2ii 

S.67 

5.670 

42,500 

51,000 

63,800 

2lf 

6.78 

6,780 

50,850 

61,000 

76,300 

3V 

7.98 

7,980 

59,850 

71,800 

89,800 

3iV 

9.28 

9,280 

69,600 

83,500 

104,400 

3ii 

10.68 

10,680 

80,100 

96,100 

120,150 

3if 

12.18 

12,180 

91,350 

109,600 

137,000 

4 

15.03 

15-030 

112,700 

135,300 

169,100 

4t 

16.80 

16,800 

126,000 

151,200 

189,000 

4 

18.66 

18,660 

140,000 

167,900 

209,900 

sf 

22.69 

22,690 

170,150 

204,200 

255,200 

sf 

24.8s 

24,850 

187,000 

224,000 

280,000 

st 

27.11 

27,110 

203,000 

244,000 

305,000 

6 

28.27 

28,270 

212,000 

254,000 

318,000 

6i 

30.68 

30,680 

230,000 

276,000 

345,000 

6i 

33.18 

33,180 

249,000 

299,000 

373,000 

6f 

35.79 

35,790 

268,000 

322,000 

403,000 

7, 

38.48 

38,480 

289,000 

346,000 

433.000 

7i 

44.18 

44,180 

331,000 

398,000 

497,000 

8 

50.27 

50,270 

377,000 

452,000 

568,000 

8i 

56.75 

56,750 

426,000 

511,000 

638,000 

9, 

63.62 

63,620 

477,000 

573,000 

716,000 

9i 

70.88 

70,880 

532,000 

638,000 

797.000 

10 

78.54 

78,540 

589,000 

707,000 

884,000 

II 

95.03 

95,030 

712,000 

855,000 

1,069,000 

12 

113. 10 

113,100 

848,000 

1,018,000 

1,272,000 
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30.  Bending. — Pins,  when  used  to  connect  the  several 
members  of  a  structure,  besides  being  subjected  to  shearing 
in  the  same  manner  as  rivets,  may  be  required  to  resist 
heavy  bending  stresses;  they  may  then  be  regarded  as  solid 
cylindrical  beams  and  calculated  to  resist  the  greatest  bend- 
ing moment  that  may  come  on  them. 

Take,  for  example,  the  pin  in  Fig.  25,  which  connects  the 
three  tension  bars  a,  a,  and  c;  the  pull  of  the  two  bars  a,  a. 


SOOOOlb. 


300001b. 


Paching  Plates  or  Washers 


Fig. 25 

both  acting  in  the  same  direction,  is  transmitted  to  the  bar  c 
by  means  of  the  pin.  The  stress  on  each  bar  a  is  30,000 
pounds,  consequently  the  stress  on  the  bar  c  must  be  60,000 
pounds.  Assuming  a  maximum  unit  stress  of  15,000  pounds 
per  square  inch,  it  is  desired  to  find  what  diameter  of  pin  is 
required  to  resist  the  bending  moment  produced  by  the 
stresses  exerted  on  it. 

30000  lb». 


a-*- 


a-*- 


30000  Ibg. 


J 


eOOOO  lbs. 


Fig. 26 


In  calculating  the  bending  moment  on  a  pin,  the  forces 
acting  on  it  through  the  several  members  are  considered  as 
being  applied  at  the  center  of  the  bearings.  In  Fig.  25,  the 
distance  between  the  centers  of  the  bearings  of  the  members 
is  4  inches,  and  by  referring  to  the  diagram.  Fig.  26,  it  is 
seen  that  the  greatest  bending  moment,  which  is  at  c,  is 
equal  to  30,000  X  4  =  120,000  inch-pounds. 
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Having  found  the  greatest  bending  moment  on  the  pin, 
it  is  necessary  to  determine  its  diameter,  in  order  that  its 
resisting  moment  may  equal  the  moment  of  the  bending 
stresses. 

In  Table  I  in  Properties  of  Sections,  the  section  inodulus  of 
a  circular  section  is  found  to  be 

5  =  ^  =  .098  d' 
32 

the  allowable  unit  stress  on  the  material  is  *  =  15,000  pounds 
per  square  inch,  and  the  bending  moment  is  ^  =  120,000 
inch-pounds;  substituting  these  values  in  the  formula 
M  =  sS,  gives  120,000  =  16,000  X  .098  d\  from  which 

d'  =  _120,000_  ^  81  gg 
15,000  X  .098 

The  diameter  of  the  pin  is,  therefore,  d  =  •v8L63 
=  4.338  =  41  inches,  nearly. 

31.  Table  of  Maximum.  Bending  Moments  on  Pins. 

To  avoid  the  necessity  of  calculating  the  resisting  moment  of 
pins.  Table  XVI,  Maximum  Bending  Moments  on  Pins,  will 
be  found  convenient.  This  table  gives  the  resisting  moments 
of  pins  from  ItV  to  12  inches  in  diameter,  calculated  for 
allowable  fiber  stresses  of  1,000,  15,000,  18,000,  and  22,500 
pounds  per  square  inch. 

The  values  for  a  stress  of  1,000  pounds  per  square  inch  are 
given  so  that  the  values  for  other  fiber  stresses  may  be  deter- 
mined. For  instance,  it  is  desired  to  find  the  bending  moment 
on  a  4t-inch  pin  for  a  fiber  stress  of  20,000  pounds  per  square 
inch.  The  bending  moment  for  a  fiber  stress  of  18,000 
pounds  per  square  inch  is  147,960  and  for  1,000  pounds  it  is 
8,220;  then  the  bending  moment,  allowing  a  fiber  stress 
of  20,000  pounds  per  square  inch,  is  147,960  +  8,220  X  2 
=  164,400  iijch-pounds. 

32.  Eesultant  Moment  of  Several  Stresses. — When 
a  pin  is  used  at  a  joint  at  which  several  members,  extending 
in  different  directions,  meet,  as  shown  in  Fig.  27,  it  is  neces- 
sary to  combine  the  stresses  so  a's  to  find  the  resultant  that 
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TABLE  XTI 

MAXIMUM    BENDING    MOMENTS    ON    PINS 

Bending  moment  =  diameter'  X  .0982  X  allowable  fiber  stress 
per  square  inch 


Area  of 

Pin 
Square 
Inches 

Moments,  in  Inch-Pounds,  for  Fiber  Stresses  o£ 

Diameter 

of  Pin 
Inches 

1,000 
Pounds 

per 
Square 

Inch 

T5,000 

Pounds 

per 
Square 

Inch 

18,000 
Pounds 

per 
Square 

Inch 

22,S00 

Pounds 

per 
Square 

Inch 

Diameter 
of  Pin 
Inches 

lA 

1.62 

291 

4,370 

5,240 

6,550 

lA 

iH 

2.24 

471 

7,070 

8,480 

10,610 

iH 

lit 

2-95 

713 

10,700 

12,840 

16,050 

iH 

21% 

3-76 

1,026 

15,400 

18,480 

23,110 

2^ 

2A 

4.67 

1,420 

21,310 

25,580 

31,970 

2A 

2H 

5.67 

1,904 

28,570 

34,280 

42,850 

2H 

2H 

6.78 

2,487 

37,310 

44.770 

55,960 

2^ 

3A 

7.98 

3,178 

47,670 

57,200 

71,500 

31% 

3T% 

9.28 

3,986 

59,790 

71,750 

89,680 

31% 

3li 

10.68 

4,920 

73,810 

88,570 

110,710 

3H 

3i* 

12.18 

5.990 

89,860 

107,830 

134,790 

M 

4l 

15-03 

8,220 

123,300 

147,960 

185,000 

4f 

4l 

16.80 

9.713 

145,700 

174,800 

218,5.00 

4l 

4l 

18.66 

■11,373 

170,600 

204,700 

255,900 

4l 

5l 

22.69 

15,246 

228,700 

274,400 

343,000 

5f 

5l 

24.85 

17,473 

262,100 

314,500 

393,100 

5l 

5i 

27.11 

19,906 

298,600 

358,300 

447,900 

5* 

6 

28.27 

21,206 

318,100 

381,700 

477,100 

6 

6i 

30.68 

23,966 

359.500 

431,400 

539,300 

6i 

6i 

33.18 

26,960 

404,400 

485,300 

606,600 

6i 

6f 

35-79 

30,193 

452,900 

543,500 

679,400 

61 

7 

38.48 

33,673 

505,100 

606,100 

757,700 

7 

7l 

44.18 

41,420 

621, 300 

745,500 

931,900 

74 

8 

50.27 

50,266 

754,000 

904,800 

1,131,000 

8 

81 

56.75 

60,293 

904,400 

1,085,200 

1,356,600 

84 

9 

63.62 

71,566 

1,073,500 

1,288,200 

1,610,300 

9 

9i 

70.88 

84,173 

1,262,600 

1,515,100 

1,893,900 

94 

10 

78.54 

98,173 

1,472,600 

1,767,100 

2,208,900 

10 

II 

95.03 

130,673 

1,960,100 

2,352,100 

2,940,100 

II 

12 

113. 10 

169,646 

2,544,700 

3,053,600 

3,817,000 

12 
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gives  the  greatest  bending  moment.  This  is  conveniently 
done  by  first  resolving  the  stresses  on  each  member  into 
vertical  and  horizontal  components,  and  calculating  the  bend- 
ing moments  produced  in  each  of  these  directions  by  all  the 
corresponding  components.  The  maximum  bending  moment 
is  then  given  by  the  resultant  of  these  two  bending  moments. 


The  details  of  the  method  for  finding  the  maximum  bend- 
ing stress  on  a  pin,  will  be  made  clear  by  a  study  of  the 
following  illustrative  example: 

Fig.  28  shows  one  of  the  lower  joints  of  a  roof  truss.  At 
this  joint  there  are  four  sets  of  members,  two  of  which  act 
in  a  horizontal,  while  one  acts  in  a  vertical  direction;  since 
they  already  act  in  the  directions  of  the  required  compo- 
nents, these  forces  need  not  be  resolved.  However,  there 
is  one  inclined  member  in  which  there  is  a  compressive 
stress  of  40,000  pounds,  which  stress  must  be  resolved  into  its 
vertical  and  horizontal  components.  Draw  the  line  ab  par- 
allel to  the  strut  and  of  such  a  length  as  to  represent  the 
magnitude  of  the  stress.  From  a,  draw  the  horizontal 
line  a  c  intersecting  the  vertical  line   at  the  point  c.     The 
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direction  of  the  forces  around  the  triangle  is  shown  by  the 
arrows.  On  measuring  the  line  ac,  the  horizontal  com- 
ponent of  the  stress  in  a  d  is  found  to  be  20,000  pounds, 
while  the  vertical  component  of  the  stress  is  found  to  be 
34,650  pounds. 

Having  determined  these  components,  a  diagram  showing 
all  the  horizontal  stresses  acting  on  the  pin  and  tending  to 


20000  lb. 


Compressive  Stress 
in  this  Member  ^0000  lb. 


Tensite  Stress 
/n  these  t^etnbers  60OOO  /b. 


Pac/tin^  Pieces  or  Washers  /e/tout 


Fig.  28 


bend  it,  and  also  another  showing  all  the  vertical  forces, 
should  be  drawn  as  illustrated  in  Fig.  29  (a)  and  {b),  the 
distance  from  center  to  center  of  the  members  being  taken 
from  the  detail  plan  of  the  joint,  Fig.  28.  It  must  always 
be  remembered  that,  in  accordance  with  the  principles  of 
equilibrium,  the  sum  of  the  resultants  of  the  forces  acting 
on  the  pin  in  any  one  direction  must  equal  the  sum  of  all 
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30000  Ih. 


30000  lb. 


^r 


lOOOO  lb. 


10000  lb. 


SOOOO  lb. 


the  resultants  acting  in  the  opposite  direction;  otherwise, 
the  pin  will  move  in  the  direction  of  the  greater  sum, 
and  the  structure  will  fail.  Thus,  from  Fig.  28,  it  is  seen 
that  the  vertical  component  of  the  stress  in  B  C  acts  in  an 
opposite  direction  to  the  stress  in  the  member  CD,  while 
the  horizontal  component  acts  in  opposition  to  the  stress 
in  the  member  A  B  and  in  the  same  direction  as  the  stress 
in  D  E.     This  makes  the  algebraic  sum  of  all  the  components 

in  either  the  horizontal 
20000  lb.      ^  or    vertical    direction 

>  equal  to  zero,  and  ful- 
fils the  condition  of 
equilibrium. 

The  resultant  of  the 
vertical  and  horizontal 
bending  moments  may 
>.  also  be  calculated  by 
the  rule  given  for  find- 
ing the  length  of  the 
hypotenuse  of  a  right- 
triangle;  for  example, 
in  this  case  the  lengths 
of  the  sides  are  rep- 
resented by  the  hori- 
zontal bending  moment 
of  40,000  inch-pounds, 
and  the  vertical  bending 
moment  of  69,300  inch-pounds;  the  resultant  bending  moment 
is,  therefore,  V40,000''  +  69,300'  =  80,015  inch-pounds. 

In  order  to  determine  the  required  size  of  pin  for  this 
joint,  assume  a  safe  fiber  stress  of  15,000  pounds  per  square 
inch;  then,  by  referring  to  Table  XVI,  it  is  seen  that  a  pin 
3iT  inches  in  diameter,  under  a  fiber  stress  of  16,000  pounds 
per  square  inch,  has  a  resisting  moment  of  89,860  inch- 
pounds,  which  is  slightly  greater  than  the  value  required  by 
the  conditions. 

The  pin  must  also  be  proportioned  for  the  bearing  value, 
as  explained  in  Art.  34. 


J732S  lb. 


173ZS  lb. 


(a) 


34:650  lb. 


0>> 


Fig.  29 
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•  33.  Tbe  Graphic  Method  of  Obtaining  Bending 
Moment. — This  method  will  be  explained  by  applying  it 
to  the  pin-connected  joint  shown  in  Fig.  28.  A  diagrammatic 
representation  of  the  pin  with  the  loads  upon  it  is  shown  in 
isometric  perspective  in  Fig.  30  (a),  ab  being  laid  off  at  an 
angle   of   45°   with  the  horizontal.     The  distances  between 


.30  OOP 


Fig.  30 

loads  are  laid  off  on  a  5  to  the  scale  \  inch  =  1  inch.  \rv{h), 
the  horizontal  load  line  is  laid  off  from  i  to  2,  2  to  5, 
3  io  1,  1  to  4,  4  to  5,  and  5  to  1,  the  scale  being  -gV  inch 
=  800  pounds.  The  vertical  load  line  is  laid  off  from 
1  io  6,6  to  7,  and  from  7  to  6.     Take  a  line  H,  located  in  a 
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horizontal  plane  and  perpendicular  to  both  the  vertical  and 
horizontal  load  lines;  this  figure  is  also  shown  in  isometric 
perspective,  the  line  Zf  being  drawn  at  an  angle  of  45°  with 
the  horizontal  line  2-5.  Lay  oflE,  to  scale,  any  amount,  in 
this  case  20,000  pounds,  on  the  line  H  and  connect  the 
point  0  thus  located  with  the  points  2,  3,  4,  5,  6,  and  7  on 
the  load  lines.  Then  6-1-7-0  represents  the  vertical  force 
polygon  and  2-3-1-4-5-0,  the  horizontal  force  polygon. 

From  a,  the  point  of  application  of  the  first  load,  lay 
off  ac  in.  [a)  parallel  to  2-0  in  {b)  until  it  intersects  the 
continuation  of  the  second  load  line  at  the  point  c;  from  c 
draw  c  d  parallel  to  3-0  until  it  intersects  the  line  of  action 
of  the  10,000-pound  load,  at  the  point  d.  Since  the  bending 
moment  due  to  the  horizontal  forces  remains  the  same 
between  the  lines  of  action  of  the  two  10,000-pound  loads, 
the  width  of  the  polygon  representing  the  bending  moment  is 
the  same  between  these  two  loads,  consequently  de  is  laid  off 
parallel  to  gi.  ef  and  fb  are  drawn  parallel  to  A-0  and  5-0, 
respectively.  The  horizontal  bending  moment  at  any  point 
may  be  found  by  scaling  the  width  of  the  polygon  acdelb  on 
a  horizontal  line  at  the  point  in  question,  and  multiplying 
by  H.  It  may  be  readily  observed  that  the  greatest  hori- 
zontal bending  moment  is  at  any  point  between  g  and  i. 

The  polygon  for  the  vertical  bending  moment  is  obtained 
in  a  similar  manner,  ih  and  hg  being  drawn  parallel  to 
7-0  and  6-0,  respectively.  The  maximum  vertical  bending 
moment  occurs  at  the  point  /,  or  the  center  of  the  pin,  and  it 
is  evident  that  the  greatest  resultant  moment  is  at  this  point. 
It  is  equal  to  the  resultant  of  hj  and  kj,  or  lik,  multiplied 
by  H.  Scaling  h  k,  it  is  found  to  equal  4  inches,  and  20,000 
X  4  =  80,000  inch-pounds.  This  result  is  practically  correct, 
for  the  amount  obtained  by  computation,  in  Art.  32,  -was 
80,015  inch-pounds. 

34.  Bearing  "Value. — The  bearing  or  crushing  value 
of  a  pin  depends  on  its  bearing  area  on  the  bars  or  plates 
composing  the  joint.  This  area  is  considered  as  the  product 
of  the  diameter  of  the  pin  and  the  thickness  of  the  plate. 
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TABLE    XVII 

BEARING    VALUES    OF    PIN    PIRATES    FOR     1 
THICKNESS    OF    PLATE 


INCH 


Bearing  value  =  diameter  of  pin  X  thickness    of  plate  X  stress   per 
square  inch 


Diameter 
of 

Pin 

Bearing 

Value  at 

1,000 

Pounds  per 

Square 

Inch 

Bearing 

Value  at 

1 2.000 

Pounds  per 

Square 

Inch 

Bearing 

Value  at 

15.000 

Pounds  per 

Square 

Inch 

Bearing 

Value  at 

18,000 

Pounds  per 

Square 

Inch 

Diameter 
of 
Pin 

Inches 

Pounds 

Pounds 

Pounds 

Pounds 

Inches 

lA 

1.437-5 

1 7, coo 

21,600 

25,900 

lA 

iH 

1,687.5 

20,200 

■25,300 

30,400 

lU 

lil 

1,937-5 

23,200 

29,100 

34,900 

lU 

21% 

2,187.5 

26,200 

32,800 

39,400 

2A 

2fa- 

2,437-5 

29,200 

36,600 

43,900 

21% 

2B 

2,687.5 

32,200 

40,300 

48,400 

2H 

2^ 

2,937.5 

35,200 

44,100 

52,900 

2fl 

3A 

3,187.5 

38,200 

47,800 

57,400 

3A 

3A 

3,437.5 

41,200 

51,600 

61,900 

3A 

3H 

3,687.5 

44,200 

■       55,300 

66,400 

3H 

3H 

3,937.5 

47,200 

59,100 

70,900 

3ll 

4f 

4,375.0 

52,500 

65,600 

78,750 

4f 

4f 

4,625.0 

55,500 

69,400 

83,300 

4f 

45 

4,875.0 

58,500 

73,100 

87,750 

4i 

5f 

5,375.0 

64,500 

80,600 

96,750 

5f 

5f 

5',625.o 

67,500 

84,400 

101,250 

5f 

5l 

5,875-0- 

70,500 

88,100 

105,750 

il 

6 

6,000.0 

72,000 

90,000 

108,000 

6 

6i 

6,250.0 

75,000 

93,800 

II 2 , 500 

6i 

64 

6,500.0 

78,000 

97,500 

117,000 

64 

6f 

6,750.0 

81,000 

101,300 

121,500 

6f 

7 

7,000.0 

84,000 

105,000 

126,000 

7 

74 

7,500.0 

90,000 

112,500 

135,000 

74 

8 

8,000.0 

96,000 

120,000 

144,000 

8 

84 

8,500.0 

102,000 

127,500 

153,000 

84 

9 

9,000.0 

108,000 

135,000 

162,000 

9 

10 

10,000.0 

120,000 

150,000 

180,000 

10 

II 

11,000.0 

132,000 

165,000 

198,000 

II 

12 

12,000.0 

144,000 

180,000 

216,000 

12 
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Table  XVII  gives  the  bearing  values  of  pins  on  a  plate 
1  inch  thick,  using  allowable  bearing  values  of  1,000,  12,000, 
15,000,  and  18,000  pounds  per  square  inch.  The  use  of  the 
column  giving  bearing  values  at  1,000  pounds  per  square 
inch  is  similar  to  that  of  the  corresponding  column  in 
Table  XVI,  as  previously  explained.  The  application  of 
this  table  may  be  illustrated  by  the  following  example.  In 
Fig.  28,  assume  the  thickness  of  the  horizontal  bars  resisting 
60,000  pounds  to  be  li  inches  and  those  haying  a  stress  of 
40,000  pounds  to  be  f  inch.  The  bearing  value  for  a  1-inch 
plate  will  be  one  and  one-third  times  as  great  as  that  for 
a  1-inch  plate;  hence,  (40,000  -5-  2)  X  li  =  26,667  pounds 
represents  the  bearing  value  for  a  1-inch  plate  correspond- 
ing to  20,000  pounds  for  a  1-inch  plate.  From  Table  XVII, 
it  is  seen  that  a  lif-inch  pin,  having  a  safe  unit  fiber 
stress  of  15,000  pounds,  is  sufficient  to  provide  the  required 
bearing,  and  as  a  Sif-inch  pin  is  to  be  used,  it  will  give 
ample  bearing  value.  For  a  li-inch  plat^  the  bearing 
value  is  one  and  one-fourth  times  as  much  as  for  a 
1-inch  plate,  and  therefore,  the  value  corresponding  to 
the  bearing  that  would  be  required  for  a  1-inch  plate  is 
(60,000  -=-  2)  --  li  =  24,000  pounds.  Assuming  a  fiber  stress 
of  15,000  pounds,  the  size  of  pin  required  to  provide  the 
bearing  is  lie  inches.  In  the  same  manner,  the  size  of  pin 
required  to  give  the  bearing  value  for  each  plate  may  be 
determined. 

35.  As  an  example  in  the  design  of  a  pin,  the  joint 
shown  in  Fig.  31  will  be  considered.  It  is  first  necessary  to 
determine  the  horizontal  and  vertical  components  of  the 
oblique  forces.  These  components  may  be  obtained  graph- 
ically or  by  computation,  but  in  this  case  the  latter  method 
will  be  followed. 

The  member  b  in  the  frame  diagram  of  the  joint  shown  in 
Fig.  32  {a),  is  at  an  angle  of  15°  with  the  horizontal.  The 
vertical  component  of  this  force  will  be  equal  to  the  product 
of  the  sine  of  15°  and  the  stress  in  the  member,  while  the 
horizontal    component  will    equal   the   stress  multiplied   by 
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the    cosine    of    15°.      From    a   table    of   natural    sines    and 
cosines,  the  following   values   are   obtained: 

sin  15°  =  .258819 
cos  15°  =  .965926 

Then  the  vertical  component  of  the  force  is  120,000 
X  .258819  =  31,058  pounds,  and  the  horizontal  component 
equals  120,000  X  .965926  =  115,910  pounds.  The  values  for 
the  other  angles,  obtained  from  the  table,  are: 

sin  30°  =  .500000 
cos  30°  =  .866025 
sin  45°  =  .707107 
cos  45°  =•  .707107 

The  components  of  the  oblique  force  of  18,480  pounds  are: 

Vertical  component  =  18,480  X  .866025  =  16,004  pounds 
Horizontal   component  =  18,480  X  .600000  =    9,240  pounds 

For  the  oblique  force  of  66,556  pounds  the  horizontal  and 
vertical  components  are  equal,  their  amount  being  66,556 
X  .707107  =  47,062  pounds. 

The  action  of  the  horizontal  forces  and  components  on  the 
pin  is  illustrated  in  Fig.  32  (b),  and  from  this  diagram  the 
horizontal  bending  moment  may  be  computed.  The  bending 
moment  about  the  point  6  due  to  the  horizontal  forces  is 
equal  to  29,804  x  If  =  48,432  inch-pounds;  about  the  point  c, 
the  bending  moment  is  (29,804  X  2f|)  -  (57,955  X  Ire) 
=  11,483  inch-pounds;  and  about  the  point  d,  the  hori- 
zontal bending  moment  is  (57,955  X  2|)  -  [(29,804  X  4) 
+  (4,620  X  l-re)]  =  13,518   inch-pounds. 

There  is  no  vertical  bending  moment  about  the  points 
a  and  d,  as  will  be  observed  from  the  diagram  at  {c),  but 
about  the  points  c  and  d  it  is  as  follows: 

About  c,  15,529  X  Itg  =  20,382  inch-pounds 

About  d,  (15,529  X  2|)  +  (8,002  X  liV)  =  45,383  inch-pounds 

It  is  readily  determined  by  observation  that  the  maxi- 
mum bending  moment  will  be  the  horizontal  moment   of 


§25  DETAILS  OF  CONSTRUCTION  47 

48,432  inch-pounds  at  the  point  b,  or  the  resultant  of  the 
horizontal  and  vertical  moments  at  the  point  d.  This  result- 
ant equals  VTs.SlS"  -|-  45,383'  =  47,353  inch-pounds;  conse- 
quently, this  is  the  maximum  bending  moment  and  it  occurs 
at  the  point  d.  The  size  of  pin  required  to  resist  this  bend- 
ing moment  may  be  determined  by  the  method  explained  in 
Art.  30,  or  from  Table  XVI.  Considering  a  safe  fiber  stress 
of  22,500  pounds  per  square  inch,  it  is  found  from  the  table 
that  a  2r6-inch  pin  must  be  used  to  supply  the  required  resist- 
ing moment.  It  is  readily  observed  that  the  shear  between 
the  points  a  and  b  is  equal  to  29,804  pounds;  between  b  and  c 
it  is  the  resultant  of  the  horizontal  shear  of  57,955  —  29,804 
=  28,151  pounds  and  the  vertical  shear  of  15,529  pounds. 
Between  c  and  d  the  vertical  and  horizontal  shears  are  each 
equal  to  23,531  pounds  and  their  resultant,  or  V2  X  23,531' 
=  33,278  pounds,  the  maximum  shear  on  the  pin.  From 
Table  XV,  it  is  found  that  a  2iVinch  pin  having  a  safe  unit 
shearing  strength  of  11,250  pounds  will  be  sufficient  to 
resist  the  shear. 

It  is  next  necessary  to  consider  the  bearing  value  of  the 
pin  on  the  different  members  of  the  joint.  In  the  member 
carrying  120,000  pounds,  there  are  two  ll-inch  bars,  each 
having  60,000  pounds  stress.  The  bearing  value  of  such  a 
bar  will  be  equivalent  to  that  of  a  1-inch  bar  having  a  stress 
of  60,000  -4-  It  =  32,000  pounds.  Therefore,  referring  to 
Table  XVII,  it  is  seen  that  a  Ifl-inch  pin  having  a  safe  unit 
bearing  value  of  18,000  pounds  will  supply  the  required 
resistance.  The  size  of  pin  necessary  to  give  the  bearing 
value  required  by  the  other  members  of  the  joint  may  be 
computed,  but  it  will  be  found  that  a  Iff  inch  pin  is  suf- 
ficient in  each  case.  From  these  calculations  for  bending 
moment,  shear,  and  bearing  value,  it  is  found  that  a 
2f|-inch  pin  will  be  required  for  this  joint. 
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36.  Position  of  Pins. — Pins  are  not  always  placed  on 
the  center  lines  of  compression  members  or  those  inclined  to 
the  horizontal  less  than  45°,  through  which  they  pass,  but  at  a 
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distance  below  the  center,  so  that  the  stress  acting  along  the 
neutral  axis  will  produce  a  moment  that  will  counteract,  or 
neutralize,  the  moment  due  to  the  weight  of  the  member  itself. 
The  distance  from  the  edge  of  the  pinhole  to  the  end  of 
the  plate  must  be  great  enough  to  prevent  splitting  along 
the  line  of  the  least  net  section. 

37.  Pin  Plates. — Pin  plates  should  be  used  at  all  pin- 
holes in  built-up  members  and  should  extend  at  least  6  inches 
within  the  member,  to  provide  for  at  least  two  transverse 
rows  of  rivets  at  that  place.  The  net  section  through  the 
pinhole  should  be  40  per  cent,  more  than  the  net  section 
through  the  body  of  the  member,  and  the  net  section  out- 
side of  the  pinhole  along  the  center  line  of  stress  should 
«qual  the  net  section  of  the  body. 

38.  Packing  of  Joints. — The  members  of  a  pin- 
connected  joint  should  be  packed  so  as  to  produce  the  least 
bending  moment  on  the  pin  and  should  be  arranged  sym- 
metrically on  both  sides  of  the  center  line.  SulBcient  clear- 
ance should  be  allowed  for  inaccuracies  in  manufacture. 
Interior  vacant  spaces  must  be  filled  with  steel  fillers  if  their 
omission  will  permit  the  members  to  move  on  the  pin.  All 
bars  must  be,  as  nearly  as  possible,  parallel  to  the  central 
plane  of  the  truss. 

39.  standard  Sizes  of  Pins.— Table  XVIII  gives 
standard  sizes  and  dimensions  of  pins  and  nuts.  These 
sizes  have  been  fixed  on  by  the  several  steel  companies  in 
the  United  States  and  are  standard  in  this  country. 

40.  standard  Screw  Threads  and  Nuts. — Table  XIX 
gives  the  proportions  for  United  States  standard  screw  threads 
and  nuts.  

EXAMPLES    FOR    PRACTICE 

1.  One  of  the  tension  members  in  a  structure  is  connected  as 
shown  in  Fig.  33.  The  tension  bars  are  made  of  structural  steel 
with  a  safe  tensile  strength  of  15,000  pounds  per  square  inch. 
(a)  What  is  the  bearing  value  of  the  bar  c?  {b)  What  is  the 
bearing  value  of  the  two  bars  a?  .        t  (a)   104,000  lb. 

^^^•\(b)     97,500  1b. 
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2.  In  Fig.  34  is  shown  a  pin  connection,  the  pull  on  the  tension 
bar  a  being  140,000  pounds.  If  the  safe  shearing  strength  of  the 
material  in  the  pin  is  10,000  pounds  per  square  inch,  and  the- safe 
fiber  stress  in  bending  is  15,000  pounds  per  square  inch:  (a)  what 
size  of  pin  will  be  required  to  resist  the  shear?  (b)  what  size  will 
be  required  to  resist  the  bending?  .        1(a)  Zrs  in.  in  diameter 

■^"^■U*)  4|.in.  in  diameter 

3.  (a)  What  is  the  maximum  resultant  bending  moment  on  the 
pin  used  in  the  connection  shown  in  Fig.  35?  (b)  What  size  pin  is 
required  for  this  connection  when  the  highest  unit  strength  values 
given  in  the  tables  are  assumed?  ■  a       /(«)  71,480  in. -lb. 

U*)  ^Ts-in.  pin 


GRAPHICAL  ANALYSIS  OF 
STRESSES 

(PART  1) 


INTRODUCTION 

1.  The  grapMcal  analysis  of  stresses  is  the  study, 
by  means  of  diagrams,  of  the  stability  or  equilibrium  of 
structures  and  the  relation  between  the  external  forces  and  the 
stresses  created  in  the  members  of  the  frame.  It  is  founded 
on  the  principle  that  any  force  may  be  designated,  both  as 
to  direction  and  intensity,  by  a  straight  line  by  letting  the 
direction  of  the  line  be  identical  with  that  of  the  force  and 
adjusting  its  length  according  to  an  arbitrary  unit  adopted 
for  the  forces  under  consideration.  The  advantage  existing 
in  the  use  of  graphical  statics  for  the  solution  of  stresses  in 
framed  structures  is  that  when  the  principles  are  correctly 
applied  no  important  error  can  exist,  and  though  the  stresses 
determined  by  this  means  will  not  be  extremely  accurate, 
they  cannot  be  radically  wrong.  The  approximations  obtained 
by  the  diagrams  give  results  as  nearly  accurate  as  the 
practical  design  of  any  member  in  the  structure  can  be. 

2.  Definitions. — Before  studying  this  subject  the  mean- 
ing of  several  terms  should  be  thoroughly  understood: 
Other  terms,  which  require  an  extensive  explanation,  will  be 
defined  when  first  introduced. 

A  force,  in  graphical  statics,  is  understood  to  be  a  weight 
or  pressure  applied  in  a  certain  direction  at  a  particular  point. 
It  may  be  either  an  external  or  internal,  or  a  concurrent  or 
non-concurrent,  or  even  a  coplanar,  or  non-coplanar  force. 

For  notice  of  cotyright,  see  fiase  immediately  followine  the  title  taee 
I  26 
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An  external  force  on  any  structure  represents  either  a 
weight  or  a  reaction;  for  instance,  the  vertical  dead  or  snow 
loads  on  a  roof  truss  are  external  forces,  as  are  also  the 
reactions  created  by  the  resistance  of  the  piers  or  abutments 
beneath  the  ends  of  the  roof  trusses. 

An  internal  force  is  the  stress  created  in  any  member  of 
a  framed  structure.  Sometimes  it  is  denominated  as  a  strain, 
but  this  is  incorrect  for  strain  is  now  generally  understood 
to  mean  the  distortion,  or  amount  of  change  of  form  created 
in  a  piece  of  material  by  a  stress  or  the  force  that  must 
exist  before  the  change  of  form  is  accomplished.  In  a  roof 
truss,  the  internal  forces  are  the  compression  in  the  rafter 
members  and  struts,  and  the  tension  in  the  tie-rods. 


0>i 


Fig.  1 


Concurrent  forces  are  those  forces  that  act  or  meet 
at  a  single  point,  as  in  Fig.  1  {a). 

Non-concurrent  forces  comprise  any  system  of  forces 
that  do  not  meet  at  a  single  point,  as  in  Fig.  1  [b).  Whiles 
and  b  meet  at  a  certain  point,  and  c  and  d  can  be  extended 
until  they  meet,  the  four  forces  cannot  act  at  one  point. 

Coplanar  and  non-coplanar  forces  are  the  forces  that 
act  in  the  same  plane,  and  in  different  planes,  respectively. 
Fig.  2  {a)  illustrates  the  first  force  and  {b)  the  second. 

Equilibrium  exists  in  any  structure  when  there  is  no 
tendency  for  the  structure  to  move;  or  if  it  is  moving 
uniformly,  there  is  no  tendency  for  the  rate  or  direction  of 
the  motion  to  change.     In  graphical  statics,  which  term  is 


§26       GRAPHICAL  ANALYSIS  OF  STRESSES  3 

derived  from  the  study  of  the  equilibrium  of  structures, 
when  a  body  is  said  to  be  in  equilibrium,  it  is  inferred  that 
there  is  no  tendency  for  the  body  or  structural  frame  to 
change  from  a  state  of  rest  to  one  of  motion;  nor  from  a 
state  of  motion  to  one  of  rest.  A  body  may  be  in  equilib- 
rium against  motion  either  in  a  lateral  direction  or  in 
a  rotary  direction. 

Equilibrium  of  translation  is  a  term  that  has  been 
applied  to  a  body  in  equilibrium  against  lateral  motion. 

Kotary  equilibrium  is  applied  to  a  body  that  is  in  equilib- 
rium about  a  particular  point;  that  is,  the  condition  that  exists 
in  a  body  that  has  no  rotary  tendency  about  a  fixed  point. 

Complete  equilibrium  can  only  be  considered  to  exist 
when  there  is  no  tendency  for  a  body  toward  translatory  or 


Fig.  2 

rotary  motion;  that  is,  when  both  the  conditions  of  transla- 
tory equilibrium  and  rotary  equilibrium  are  fulfilled. 

A  couple  is  the  term  given  to  two  equal  and  opposing 
forces  not  coincident  with  respect  to  their  line  of  action;  or, 
in  the  terms  of  the  definitions,  two  equal  and  opposing  non- 
concurrent  forces  form  a  couple. 

The  moment  of  a  force  •about  any  point  not  located  in 
its  line  of  action  is  its  tendency  to  rotate  about  that  point; 
the  amount  of  the  moment  is  obtained  by  multiplying  the 
intensity,  or  amount,  of  the  force  by  its  lever  arm,  or  the 
perpendicular  distance  from  the  line  of  action  of  the  force  to 
the  point  around  which  it  tends  to  rotate,  this  point  being 
termed  the  center  of  moments.  The  moment  of  any  force 
is     never  expressed  in  either  units    of  weight   or   units  of 
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length,  but  by  a  combination  of  the  two,  as  inch-pounds,  foot- 
pounds, and  foot-tons. 

The  resultant  of  any  system  of  forces  is  any  force  that, 
by  its  direction  and  amount,  will  equal  in  its  effect  on  a 
body  or  structure  the  effect  of  all  the  forces  of  the  system. 
Any  force  that  will  destroy  the  action  of  all  the  forces  of 
the  system  is  equal  and  opposed  to  the  resultant;  such  a 
force  might  be  termed  resultant  reaction.  Where  the 
resultant  of  a  system  of  forces  equals  zero,  the  system  is  in 
translatory  equilibrium,  while  if  the  moment  of  the  resultant 
about  any  point  equals  zero,  the  system  is  in  rotary  equi- 
librium. Where  any  system  of  forces  is  resolved  into  a 
couple,  that  is,  two  equal  and  opposing  non-concurrent  forces, 
the  system  cannot  be  in  complete  equilibrium  and  no  single 
force  will  replace  the  two  non-concurrent  forces. 


FUNDAMENTAL    PRINCIPLES    OF 
GRAPHICAL    ANALYSIS 


EFFECTS  OF  A  FORCE 
3.     The  effect  of  a  force  on  a  body  may  be  compared 
with  another  force  when  the  three  following  conditions  are 
fulfilled  in  regard  to  both  forces: 

1.  The  point  of  application,  or  point  at  which  the  force 
acts  on  the  body,  must  be  known. 

2.  The  direction  of  the  force,  or  the  straight  line  along 
which  the  force  tends  to  move  the  point  of  application,  must 
be  known. 

3.  The  magnitude,  or  value,  of  the  force,  when  compared 
with  a  given  standard,  must  be  jcnown. 

The  unit  of  magnitude  of  forces  will  be  taken  as  1  pound, 
throughout  this  Course,  and  all  forces  spoken  of  as  a  certain 
number  of  pounds. 

4.  The  fundamental  principles  of  the  relations  between 
force  and  motion,  which  were  first  stated  by  Sir  Isaac 
Newton  and  are  called  ''Newton's  Three  Laws  of  Motion," 
are  as  follows: 
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Xiaw  I. — All  bodies  continiie  in  a  state  of  rest,  or  of  uniform 
motion  in  a  straight  line,  unless  acted  on  by  some  external  force 
that  compels  a  change. 

Law  II. — A  force  acting  on  a  body  in  motion  or  at  rest,  pro- 
duces the  same  effect  whether  it  acts  alone  or  ivith  other  forces. 

LaAV  III. — To  every  action  there  is  always  opposed  an  equal 
and  contrary  reaction. 

From  the  first  law  of  motion,  it  is  inferred  that  a  body 
once  set  in  motion  by  any  force,  no  matter  how  small, 
will  move  forever  in  a  straight  line,  and  always  with  the 
same  velocity,  unless  acted  on  by  some  force  that  com- 
pels a  change. 

The  deduction  from  the  second  law  is  that,  if  two  or  more 

forces  act  on  a  body,  their  final  effect  on  that  body  will  be 

in  proportion  to   their  magnitude  and  to   the  directions  in 

which  they  act.     Thus,  if  the  wind  is  blowing  due  west,  with 

a  velocity  of  50  miles  per  hour,  and  a  ball  is  thrown  due 

north,  with  the  same  velocity,  the  wind  will  carry  the  ball 

iust  as  far  west  as  the  force  of  the  throw 

^  j^ ^ ^ 

carried   it  north,   and   the   combined   effect 

will   be    to    cause    it    to    move    northwest. 

The  amount  of  departure  from  due  north  will  be  proportional 

to  the  force  of   the  wind,  and  independent  of   the  velocity 

due  to  the  force  of  the  throw. 

The  third  law  states  that  action  and  reaction  are  equal  and 
opposite.  A  man  cannot  lift  himself  by  his  boot  straps,  for 
the  reason,  that  he  presses  downward  with  the  same  force 
that  he  pulls  upward;  the  downward  reaction  equals  the 
upward  action,  and  is  opposite  to  it. 

5.  A  force  may  be  represented  by  a  line;  thus,  in  Fig.  3, 
let  A  be  the  point  of  application  of  the  force,  let  the  length 
of  the  line  A  B  represent  its  magnitude,  and  let  the  arrow- 
head indicate  the  direction  in  which  the  force  acts,  then  the 
line  A  B  fulfils  the  three  required  conditions  and  shows  the 
point  of  application,  the  direction,  and  the  intensity  of 
the  force. 
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THE   COMPOSITION  OF  FORCES 
6.     Parallelogram   of  Forces. — When  two   forces  act 
on  a  body  at  the  same  time,  but  at  different  angles,  their 
final  result  may  be  obtained  as  follows: 

In  Fig.  4,  let  A  be  the  common  point  of  application  of  two 
forces,  and  let  A  B  and  A  C  represent  the  magnitude  and 
direction  of  the  forces.  The  final  effect  of  the  movement 
due  to  these  two  forces  will  be  the  same  whether  they  act 
singly  or  together.  For  instance,  let  the  line  A  B  represent 
the  distance  that  the  force  A  B  would  cause  the  body  to 
move;  similarly,  let  A  C  represent  the  distance  that  the  force 
A  C  would  cause  the  body  to  move, 
when  both  forces  were  acting  separately. 
The  force  A  B,  acting  alone,  would  carry 
the  body  to  B;  if  the  force  A  C  were 
now  to  act  on  the  body,  it  would  carry 
it  along  the  line  B  D,  parallel  to  A  C, 
to  a  point  D,  at  a  distance  from  B  equal 
to  A  C.  Join  C  and  D,  then  CZ>  is 
parallel  to  A  B,  and  A  B  D  C  '\%  a,  paral- 
lelogram. Draw  the  diagonal  AD. 
According  to  the  second  law  of 
motion  the  body  will  stop  at  D  whether 
the  forces  act  separately  or  together,  but  if  they  act  together, 
the  path  of  the  body  will  be  along  A  D,  the  diagonal  of  the 
parallelogram.  Moreover,  the  length  of  the  line  A  D  rep- 
resents the  magnitude  of  a  force,  which  acting  at  A  in  the 
direction  A  D,  would  cause  the  body  to  move  from  A  to  D;  in 
other  words,  A  D  measured  to  the  same  scale  &?,  A  B  and  A  C, 
represents  the  magnitude  and  direction  of  the  combined  effect 
of  the  two  forces  A  B  and  A  C,  and  is  called  the  resultant. 
Suppose  that  the  scale  used  was  50  pounds  to  the  inch,  then,  if 
A  B  =  50  pounds,  and  A  C  =  62i  pounds,  the  length  oi  A  B 

50  62  5 

would  be  — -  =  1  inch,  and  the  length  oi  A  C  would  be  — — 
50  50 

=  1 4  inches.     If  A  D,  or  the  resultant,  measures  If  inches,  its 

magnitude  would  be   If  X  50  =  87i  pounds.     Therefore,  a 


Fig.  4 
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(a) 


force  of  87i  pounds,  acting  on  a  body  at  A,  in  the  direction 
A  D,  will  produce  the  same  result  as  the  combined  effects  of 
a  force  of  50  pounds  acting  in  the  direction  A  B,  and  a  force 
of  62i  pounds  acting  in  the  direction  A  C. 

7.  This  method  of  finding  the  resulting  action  of  two 
forces  acting  on  a  body  at  a  common  point,  is  correct  for 
forces  of  any  direction  and 
magnitude.  Hence,  to  find 
the  resultant  of  two  forces, 
when  their  common  point  of 
application,  their  direction, 
and  magnitudes  are  known: 

Rule. — Through  an  assumed 
point,  draw  two  lines  parallel 
with  the  direction  of  the  two 
forces.  With  any  scale,  measure 
from,  the  point  of  intersection, 
in  the  direction  of  the  forces,  dis- 
tances corresponding  to  the  mag- 
nitudes of-  the  respective  forces, 
and  from  the  points  thus  ob- 
tained complete  the  parallelo- 
gram. Draw  the  diagonal  of 
the  parallelogram  from  the 
point  of  intersection  of  the  two  forces;  this  diagonal  will  be  the 
resultant,  and  its  direction  will  be  away  from  the  point  of  inter- 
section of  the  two  forces.  Its  magnitude  must  be  measured  with 
the  same  scale  that  was  used  to  lay  off  the  two  forces. 

This  method  is  called  the  graphical  inethod  of  the 
parallelogram  of  forces. 

Example. — If  two  forces  act  on  a  body  at  a  common  point,  both 
acting  away  from  the  body,  and  the  angle  between  them  is  80°,  what  is 
the  value  of  the  Iresultant,  the  magnitude  of  the  two  forces  being 
60  and  90  pounds,  respectively. 

Solution. — Draw  two  indefinite  lines  having  an  angle  of  80°  between 
them.  With  any  convenient  scale,  say  10  lb.  to  the  inch,  measure  oflf 
^.5  =  60  -7-  10  =  6  in.,  and  ^  C  =  90  -h  10  =  9  in.,  as  shown  in 
Fig.  5  [a) .      Through  B  draw  B  D  parallel  to  A  C,  and  through  C 


Fig.  5 
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draw  CD  parallel  to  A  B.     Then  draw  A  D,  which  will  be  the  result- 
ant; its  direction  is  toward  the  point  D,  as  shown  by  the  arrow. 

Measuring  A  D,  its  length  is  found  to  be  11.7  in.  Hence,  11.7 
X  10  =  117  lb.     Ans. 

8.  Triangle  of  Forces. — The  above  example  might 
also  have  been  solved  by  the  method  called  the  triangle  of 
forces,  which  is  as  follows:  In  Fig.  5  {b),  suppose  that  the 
two  forces  A  B  and  B  C  act  separately,  first  from  A  to  B,  and 
then  from  B  to  C,  in  the  direction  of  the  arrows.  Connect 
A  and  C;  theri  A  C  is  the  resultant  of  the  forces  AB  and 
B  C.  It  will  also  be  noticed  in  following  the  direction  of  the 
forces  around  the  triangle,  that  the  direction  of  the  resultant 
^  C  is  opposite  to  that  oi  AB  and  B  C.  Hence,  to  find  the 
resultant  of  two  forces  acting  on  a  body  at  a  common  point, 
by  the  method  of  triangle  of  forces: 

Rule. — Draw  the  lines  of  action  of  the  two  forces  as  if  each 
force  acted  separately,  the  le7igths  of  the  lines  being  proportional 
to  the  magnitude  of  the  forces.  Join  the  extremities  of  the  two 
lines  by  a  straight  line,  which  will  be  the  resultant;  its  direction 
will  be  opposite  to  that  of  the  two  forces. 

When  the  resultant  is  spoken  of  as  being  opposite  in 
direction  to  the  other  forces  around  the  polygon,  it  is  meant 
that,  starting  from  the  point  where  the  drawing  of  the  poly- 
gon was  commenced,  and  tracing  each  line  in  succession,  the 
pencil  will  have  the  same  general  direction  around  the 
polygon  as  if  passing  around  a  circle,  from  left  to  right  or 
from  right  to  left,  but  the  closing  line  or  resultant  must  have 
an  opposite  direction;  that  is,  the  two  arrowheads,  the  one 
on  the  resultant  and  the  other  on  the  last  side,  must  point 
toward  the  intersection  of  the  resultant  and  the  last  side. 

9.  Resultant  of  Several  Forces. — When  three  or  more 
forces  act  on  a  body  at  a  given  point,  their  resultant  may  be 
found  by  the  following  rule: 

Rule. — Find  the  resultant  of  any  two  forces;  treat  this  result- 
ant as  a  single  force,  and  cojnbine  it  with  a  third  force  to  find  a 
second  resultant.  Combine  this  second  resultant  with  a  fourth 
force,  to  find  a  third  resultant,  etc.     After  all  .the  forces  have 
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been  thus  combined,  the  last  resultant  will  be  the  resultant  of  all 
of  the  forces,  both  in  magnitude  and  direction. 

Example.— Find  the  resultant  of  all  the  forces  acting  on  the 
point  O  m  Fis.  6,  the  length  of  the  lines  being  proportional  to  the 
magnitude  of  the  forces. 

Solution.— Draw  O  E  parallel  and  equal  to  A  O,  and  ^  .F  parallel 
and  equal  to  B  O,  then  O  ^  is  the  resultant  of  these  two  forces,  and  its 
direction  is  from  O  to  F,  opposed  to  O  ^  and  E  F.  Treat  (9  /^  as  if 
OEa.nAE  F  did  not  exist,  and  draw  F  G  parallel  and  equal  to  O  O 
O  G  will  be  the  resultant  of  O  F  s.nA  F  G;  but  O  F  is  the  resultant 
of  OE  and  E  F;  hence,  O  C  is  the  resultant  ot  O  E,  E  F,  and  F  G 
and  therefore  ot  A  O,  B  O,  and  C  O.     Likewise  draw  G  L  parallel 

A- 


V- 


and  equal  to  D  O.  Join  O  and  L,  and  O  L  will  be  the  resultant  of  all 
the  forces  yf  O,  BO,  CO,  and  DO  (both  in  magnitude  and  direction), 
acting  at  the  point  O.  If  L'  O  were  drawn  parallel  and  equal  to  O  L, 
and  having  the  same  direction,  it  would  represent  the  effect  produced 
on  the  .body  by  the  combined  action  of  the  forces  A  0,B  0,C0,  and  D  O. 

10.  In  Fig-.  6,  it  will  be  noticed  that  O  E,E  F,F  G,GL, 
and  L  O  are  sides  of  a  polygon  O  E  F  G  L,  in  which  O  L, 
the  resultant,  is  the  closing  side,  and  that  its  direction  is 
opposed  to  that  of  all  the  other  sides.  This  fact  is  made  use 
of  in  what  is  called  the  method  of  the  polygon  of  forces. 
To  find  the  resultant  of  several  forces  acting  on  a  body  at 
the  same  point  by  this  method: 


10 
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Kule. — Through  any  point,  draw  a  line  parallel  to  one  of  the 
forces,  and  having  the  same  direction  and  magnitude.  At  the 
end  of  this  line,  draw  another  line,  parallel  to,  a?id  having 
the  same  direction  and  magnitude  as  a  second  force;  at  the  end  of 
the  second  line,  draw  a  line  parallel  and  equal  in  magnitude  and 
direction  to  a  third  force.  Thus  continue  until  lities  have  been 
drawn  parallel  and  equal  in  magnitude  and  direction  to  all 
of  the  forces. 

The  straight  line  joining  the  free  ends  of  the  first  and  last 
lines  will  be  the  closing  sides  of  the  polygon;  mark  it  opposite  in 
direction  to  that  of  the  other  forces  around  the  polygon,  and  it 
will  be  the  resultant  of  all  the  forces. 


C,       o 


Fig.  7 


Example.— If  five  forces  act  on  a  body  at  angles  of  60°,  120°,  180°, 
240°,  and  270°,  toward  the  same  point,  and  their  respective  magnitudes 
are  60,  40,  30,  25,  and  20  pounds,  find  the  magnitude  and  direction  of 
their  resultant  by  the  method  of  polygon  of  forces.* 

Soi-UTioN. — From  a  common  point  O,  Fig.  7,  draw  the  lines  of  action 
of  the  forces,  making  the  given  angles  with  a  horizontal  line  through  O, 
and  mark  them  as  acting  toward  O,  by  means  of  arrowheads,  as  shown. 
Choose  some  convenient  scale,  such  that  the  whole  figure  may  be 
drawn  in  a  space  of  the  required  size  on  the  drawing.  Select  any  one 
of  the  forces,  as  A  O,  and  draw  O  ./^parallel  to  it,  and  equal  in  length 


*A11  the  angles  in  the  figure  are  measured  from  a  horizontal  line  in 
a  direction  opposite  to  the  movement  of  the  hands  of  a  watch,  from 
1°  up  to  360°. 
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to  30  lb.  on  the  scale.  It  must  also  act  in  the  same  direction  as  A  O. 
At  F,  draw  F  G  parallel  to  B  O,  and  equal  to  40  lb.  In  a  similar 
manner,  draw  G  H,  H  [,  and  /  K  parallel  to  C  O,  D  O,  and  E  O,  and 
equal  to  60,  20,  and  25  lb.,  respectively.  Join  O  and  K  by  O  K,  and 
C  A' will  be  the  resultant  of  the  combined  action  of  the  five  forces;  its 
direction  is  opposite  to  that  of  the  other  forces  around  the  polygon 
OFGHIK,  and  its  magnitude  =  55f  lb.     Ans. 

11.     If  the  resultant  OK,  Fig.  7,  were  to  act  alone  on 
the  body  in  the  direction  shown  by  the  arrowhead  with  a  force  • 
of  551  pounds,  it  would  produce  exactly  the  same  effect  as 


Fig.  8 

the  combined  action  of  the  five  forces.  If  OF,  FG,  GH,  HI, 
and  IK  represent  the  distances  and  directions  that  the  forces 
would  move  the  body,  if  acting  separately,  O  K  \%  the  direc- 
tion and  distance  of  movement  of  the  body  when  all  the 
forces  act  together.  It  is  evident,  therefore,  that  any  number 
of  forces  acting  on  a  body  at  the  same  point,  or  having  their 
lines  of  action  pass  through  the  same  point,  can  be  replaced 
by  a  single  force  (resultant),  whose  line  of  action  shall  pass 
through  that  point. 

Heretofore,  it  has  been  assumed  that  the  forces  acted  on  a 


12  GRAPHICAL  ANALYSIS  OF  STRESSES       §26 

single  point  on  the  surface  of  the  body,  but  it  will  make  no 
difference  where  they  act,  so  long  as  the  lines  of  action  of  all 
the  forces  intersect  at  a  single  point  either  within  or  without 
the  body,  only  so  that  the  resultant  can_.be  drawn  through  the 
point  of  intersection.  If  two  forces  act  on  a  body  in  the  same 
straight  line  and  in  the  same  direction,  their  resultant  is  the 
sum  of  the  two  forces;  but  if  they  act  in  opposite  directions, 
their  resultant  is  the  difference  of  the  two  forces,  and  its 
direction  is  the  same  as  that  of  the  greater  force.  If  they 
are  equal  and  opposite,  the  resultant  is  zero,  or  one  force 
just  balances  the  other. 

Example. — Find  the  resultant  of  the  forces  whose  lines  of  action 
pass  through  a  single  point,  as  shown  in  Fig.  8. 

Solution. — Take  any  convenient  point  g,  and  draw  a  line  gf,  par- 
allel to  one  of  the  forces,  say  the  one  marked  40,  nnaking  it  equal  in 
length  to  40  lb.  on  the  scale,  and  indicate  its  direction  by  the  arrowhead. 
Take  some  other  force — the  one  marked  37  will  be  convenient;  the  line 
fe  represents  this  force.  From  the  points  draw  a  line  parallel  to  some 
other  force,  say  the  one  marked  29,  and  make  it  equal  in  magnitude 
and  direction  to  it.  So  continue  with  the  other  forces,  taking  care  that 
the  general  direction  around  the  polygon  is  not  changed.  The  last 
force  drawn  in-  the  figure  is  ab,  representing  the  force  marked  25. 
Join  the  points  a  and  g;  then,  ag  is  the  resultant  of  all  the  forces 
shown  in  the  figure.  -  Its  direction  is  from  g  to  a,  opposed  to  the  gen- 
eral direction  of  the  others  around  the  polygon.  It  does  not  matter  in 
what  order  the  different  forces  are  taken,  the  resultant  will  be  the  same 
in  magnitude  and  direction,  if  the  work  is  done  correctly. 

These  various  methods  of  finding  the  resultant  of  several 
forces  are  all  grouped  under  one  head:  The  Composition 
of  Forces.  

THE  EBSOLTJTION  OF  FOKCES 

12.  Since  two  forces  can  be  combined  to  form  a  single 
resultant  force,  a  single  force  may  also  be  treated  as  if  it 
were  the  resultant  of  two  or  more  forces,  whose  action  on  a 
body  will  be  the  same  as  that  of  the  single  force.  Thus, 
in  Fig.  9,  the  force  O  A  may  be  resolved  into  two  forces, 
O  B  and  B  A,  whose  directions  are  opposed  to  O  A.  If 
the  force  O  A  acts  on  a  body,  moving  or  at  rest  on  a  hori- 
zontal plane,  and  the  resolved  force  O  B  \^  vertical,  and  B  A 
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horizontal,  O  B,  measured  to  the  same  scale  as  O  A,  is  the 
magnitude  of  that  part  oi  O  A  that  pushes  the  body  down- 
wards, while  B  A  is  the  magnitude  of  that  part  of  the  force 
O  A,  which  is  exerted  in  pushing  the  body  in  a  horizontal 
direction.  O  B  and  B  A  are  called  the  compoiients  of 
the  force  O  A,  and  when  these  components  are  vertical 
and  horizontal,  as  in  the  present  case,  they  are  called 
the  vertical  component  and  the  horizontal  component  of  the 
force  O  A.  These  components  may  be  drawn  in  any 
direction  and  the  angle  at  their  intersection  is  not  neces- 
sarily a  right  angle. 

13.  It  frequently  happens  that  the  position,  magnitude, 
and  direction  of  a  certain  force  are  known,  and  that  it  is 
desired  to  know  the  effect  « 
of  the  force  in  some  direc- 
tion other  than  that  in 
which  it  acts.  Thus,  in 
Fig.  9,  assume  that  O  A  I 
represents,  to  some  scale,  ; 
the  magnitude,  direction,  \ 
and    line    of    action    of    a    ^'  '"""' 

force  acting  on  a  body  at  A,  ^^°'  ^ 

and  that  it  is  desired  to  know  what  effect  OA  produces  in 
the  direction  B  A,  which  may  be  any  direction.  To  find  the 
value  of  the  component  of  O^  that  acts  in  the  direction  B  A, 
it  is  necessary  to  employ  the  following  rule: 

Kule. — From  one  extreinity  oi  the  line  representing  the  given 
force,  draw  a  line  parallel  to  the  direction  in  which  it  is  desired 
that  the  compotient  shall  act;  from  the  other  extremity  oi  the  given 
force,  draw  a  line  perpendicular  to  the  comp07ient  iirst  drawn, 
and  intersecting  it.  The  length  oi  the  component,  measured  irom 
the  point  oi  i7itersectio7i  to  the  intersectioji  oi  the  component  with 
the  given  iorce,  will  be  the  magnitude  oi  the  eiiect  produced 
by  the  given  iorce  in  the  required  direction. 

Thus,  suppose  that  O  A,  Fig.  9,  represents  a  force  acting 
on  a  body  resting  on  a  horizontal  plane,  and  that  it  is  desired 
to  know  what  vertical  pressure  O  A  produces  on  the  body. 
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Here    the    desired   direction   is    vertical;    hence,    from    one 
extremity,  as  O,  draw  OB  parallel  to  the  desired  direction 

(vertical  in  this  case),  and  from  the 
other  extremity  draw  A  B  perpen- 
dicular to  OB,  and  intersecting  OB 
at  B.  Then  O  B,  when  measured  to 
the  same  scale  as  OA,  will  be  the 
value  to  the  vertical  pressure  pro- 
duced hy  O  A. 

Example. — If    a    body    weighing    200 

pounds  rests  on  an  inclined  plane  whose 

angle  o£   inclination  to  the  horizontal  is 

18°,  what 'force  does  it  exert  perpendicular  to  the  plane,  and  what 

force  does  it  exert  parallel  to  the  plane,  tending  to  slide  downwards? 

Solution. — Let  ABC,  Fig.  10,  be  the  plane,  the  angle  A  being 
equal  to  18°,  and  let  Whe  the  weight.  Draw  a  vertical  line  F D  =  200 
lb.,  to  represent  the  magnitude  of  the  weight.  Through  F,  draw  F E 
parallel  to  A  B,  and  through  D  draw  D  E  perpendicular  to  E  F,  the 
two  lines  intersecting  at  ii.  F  D  is  now  resolved  into  two  components, 
one /^  .£■  tending  to  pull  the  weight  downwards,  and  the  oiher  E  D 
acting  as  a  perpendicular  pressure  on  the  plane. 

On  measuring  F  E  with  the  same  scale  by  which  the  weight  F  D 
was  laid  off,  its  intensity  is  found  to  be  about  61.8  lb.,  and  the  perpen- 
dicular pressure  E  D  on  the  plane  is  found  to  measure  190.2  lb.     Ans. 


EQUILIBRIUM 

14.  When  a  body  is  at  rest,  all  of  the  forces  that  act  on 
it  must  balance  one  another;  the  forces  are  then  said  to.be  in 
equilibrium.  The  most  important  of  the  forces  acting  on 
the  body  is  gravity,  which  acts  on  every  particle.  But  a 
force  that  must  be  considered  when  determining  the  equi- 
librium of  framed  structures  is  the  wind  pressure. 

A  body  is  in  stable  equilibrium  when,  if  slightly  displaced 
from  its  position  of  rest,  the  forces  acting  on  it  tend  to 
return  it  to  that  position;  for  example,  a  cube,  a  cone  resting 
on  its  base,  a  pendulum,  etc. 

A  body  acted  on  by  a  system  of  forces  is  in  unstable 
equilibrium  when  the  application  of  a  small  force  is  sufficient 
to  produce  motion;  for  example,  a  cone  standing  on  its  apex, 
an  egg  balanced  on  end,  etc. 
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Since  two  kinds  of  motion  may  be  produced  in  a  body 
acted  upon  by  external  forces,  the  following  conditions  must 
be  fulfilled  in  order  that  a  body  be  in  equilibrium: 

1.  The  resultant  of  all  the  forces  tending  to  move  the 
body  in  any  direction  must  be  zero. 

2.  The  resultant  of  all  the  forces  tending  to  turn  the  body 
about  any  Center  must  be  zero. 

But,  if  either  of  the  two  following  conditions  prevails  the 
body  will  be  in  unstable  equilibrium  or  unrest: 

1.  If  the  forces  acting  on  a  body  create  or  influence 
motion  of  the  body  in  the  direction  of  the  line  of  action  of 
the  force. 

2.  If  the  force  acting  on  the  body  tends  to  move  or  rotate 
the  body  around  some  fixed  point,  which  point  is  always 
necessarily  outside  the  line  of  action  of  the  force. 


EQUILIBRIUM    AT    THE    JOINTS    OF    A    STRUCTURE 

15.  The  several  forces  acting  at  any  joint  of  a  framed 
structure  must  theoretically  be  concurrent,  and  a  single  joint 
can,  in  consequence,  be  subjected  only  to  translatory  motion. 
But,  where  several  forces  meet  at  a  joint  in  any  stable  structure 
there  must  be  no  translatory  motion,  for  if  the  joint  could 
move  in  any  direction  it  would  fail  and  cause  the  destruction 
of  the  frame. 

In  Fig.  11  {a)  are  shown  five  concurrent  forces  that  act  in  the 
directions  indicated  by  the  arrows.  By  drawing  the  stress 
diagram  for  these  forces,  as  shown  at  {d) ,  their  resultant  is 
determined  by  the  line  b  c,  which  force  is  the  combined  effect, 
both  in  direction  and  in  intensity,  of  all  of  the  concurrent  forces 
acting  at  the  joint  c.  Since  this  line  6  c  is  the  resultant  of 
the  system  of  forces,  it  is  evident  that  if  no  other  force  is 
substituted  at  the  joint,  it  will  move  in  the  oblique  direction 
indicated  by  the  arrow  on  this  line  in  the  stress  diagram.  In 
order  to  produce  equilibrium  in  the  joint,  a  force  c  6  in  (a) 
acting  in  opposition  to  c  a,  and  of  the  same  amount,  must  be 
applied  to  the  joint  c,  as  shown.  Consequently,  the  joint  is  in 
unstable  equilibrium  and  can  never  be  in  equilibrium  of  trans- 
lation until  the  points  c  and  b  in  the  stress  diagram  coincide. 
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The  stress  diagram  of  the  five  concurrent  forces,  acting  on 
the  joint  shown  in  Fig.  11  (c),  is  shown  in  (d).  It  will  be 
observed  that  there  -is  no  resultant,  but  that  the  polygon 
closes  at  the  point  c,  the  end  of  the  last  force  /c  coinciding  with 
the  beginning  of  the  first  force  a  c.     It  is  evident,  therefore, 


since  the  resultant  of  all  the  forces  about  the  joint  c  is  zero, 
that  no  force  need  be  substituted  in  the  frame  diagram  to 
produce  equilibrium  of  translation,  and  in  consequence  the 
joint  in  the  structure  will  be  stable  and  no  failure  of  the 
frame,  through  weakness  at  this  joint,  can  exist. 
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16.  In  order  to  analyze  the  conditions  that  create  equi- 
librium of  translation  in  any  system  of  concurrent  forces, 
resolve  each  of  the  forces  of  the  system  shown  at  Fig.  11  (c) 
into  vertical  and  horizontal  components,  as  shown  in  Fig.  12, 
by  the  method  explained  under  The  Resolution  of  Forces. 
The  forces  ac  and<?<:.  Fig.  11  (c) ,  are  horizontal  and  f  c  is 
vertical,  but  the  forces  6  c  and  dc  are  oblique  and  may  be 
resolved  into  vertical  and  horizontal  components,  as  shown 
by  y  and  y,,  x  and  x„  respectively,  Fig.  12.  By  scaling 
the  horizontal  components  x  and  x„  it  is  found  that  x  =  2,100 
pounds  and  x,  =  6,300  pounds,  and  it  will  also  be  observed 
that    the    direction  of  the   component  x  is  opposed  to   the 


-V=Z800 


Xj=6300 


f 

Fig.  12 


7000 
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direction  of  the  force  a  c,  and  x^  is  opposed  to  the  force  e  c. 
By  studying  the  diagram,  Fig.  12,  it  will  be  observed  that 
the  horizontal  forces  acting  toward  the  left  are  exactly  equal 
to  the  horizontal  forces  acting  toward  the  right,  and  that  they 
act  and  react  so  as  to  completely  annul  all  action  in  a  hori- 
zontal direction.  In  other  words,  the  algebraic  sum  of  all  of 
the  horizontal  forces  acting  at  the  joint  is  zero,  or,  as  it  might 
be  stated,  x  +  ec  =  x,  +  ac  and  {x  +  ec)  —  (x^  +  ac)  —  0. 
Again,  the  vertical  components  y^  and  y  of  the  forces  be 
and  dc  both  act  in  opposition  to  the  force  fc  and  the  alge- 
braic sum  of  all  the  vertical  forces  is  equal  to  zero,  for  the 
sum  of  y  and  y^  is  equal   to  5,600,   as  may  be  proved  by 
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scaling  the  diagram.  The  algebraic  sum  of  all  the  vertical 
forces  at  the  joint  is  consequently  equal  to  zero.  From 
these  deductions  the  condition  of  equilibrium  at  a  joint  may 
therefore  be  expressed  by  the  following  rule: 

Rule. — In  order  that  any  joint  in  a  frame,  or  any  system  of 
concurrent  forces,  shall  be  in  equilibrium  of  translation,  the  alge- 
braic sum  of  all  the  horizontal  and  vertical  forces  and  all  the 
horizontal  a7id  vertical  components  of  the  oblique  forces  shall 
equal  zero. 

17.  The  conclusion  that  in  order  to  have  equilibrium  of 
translation  the  algebraic  sum  of  the  several  forces  at  a  joint 
must  equal  zero,  can  be  reached  in  another  way.  For 
instance,  it  has  been  stated  and  proved  that  the  resultant  of 
any  system  of  concurrent  forces  must  equal  zero  and  it  is  evi- 
dent that  when  all  of  the  forces  about  a  joint  are  resolved  into 
their  horizontal  and  vertical  components,  the  final  resultant  is 
the  hypotenuse  of  the  triangle  formed  by  the  resultants  of  the 
components.  In  Fig.  13  {a),  the  several  oblique  forces  have 
been  resolved  into  their  components  x,  x,  x,  and  y,  y,  y,  and 
X,.  and  J/,  are  the  algebraic  sums  of  these  components,  as  may 
be  proved  by  scaling  the  diagram.  By  laying  off  ar,  and  y^, 
as  indicated,  and  drawing  the  hypotenuse  R,  the  resultant 
is  obtained.  This  resultant  is  therefore  A^ x'  +  2V,  in 
which  X  and  y  equal,  respectively,  the  horizontal  and  vertical 
components  of  each  force  about  the  joint.  The  components 
Xi  and  yi  may  also  be  obtained  directly  from  the  stress 
diagram.  Fig.  13  {b) ,  by  resolving  the  resultant  R  into  its 
vertical  and  horizontal  components. 

The  direction  of  the  resultant  R  can  be  determined  by 
obtaining  the  tangent  of  the  angle  that  R  makes  with  the 
horizontal  or  vertical  components.     The  tangent  of  the  angle 

marked  z  in  Fig.  13  {a),  is  equal  to  ^.    Where,  therefore,  the 

X,. 

vertical  and  horizontal  components  of  each  of  the  forces  are 
considered,  their  direction  being  represented  by  V  and  H, 
respectively, 

tan  ^  =  4^,  or  ^  ^components 
^x       2" //'components 
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But,  from  a  previous  statement  and  deduction,  the  result- 
ant R  of  any  system  of  concurrent  forces  in  equilibrium  must 
equal  zero,  so  that  R'  =  (2'// components)'  +  (2'  F com- 
ponents)" =  0.  R  having  an  inappreciable  amount,  conse- 
quently, has  no  direction  and  it  is  conclusively  shown  that 
for  equilibrium  of  translation  the  sum  of  the  horizontal  and 
vertical  components  must  equal  zero.  This  condition  must 
therefore  exist  at  every  joint  in  a  framed  structure  in  order  to 
secure  the  equilibrium  or  stability  of  the  entire  structure. 


EQUILIBRIUM    OF    THE    ENTIRE    FRAME 

18.  Any  framed  structure,  besides  having  each  joint  at 
which  concurrent  forces  occur  in  equilibrium,  must  be  in 
equilibrium  with  regard  to  the  action  of  the  external  forces, 
which  are  usually  non-concurrent.  The  external  forces  on 
any  frame,  such  as  a  roof  truss,  are  the  loads  and  their 
reactions.  On  a  roof  truss,  or  other  exposed  structure,  the 
external  forces  consist  of  the  vertical  loads  due  to  the  weight 
of  the  structure  and  snow,  and  the  horizontal  or  oblique  forces 
due  to  the  wind  pressure.  The  reactions  occur  at  the  abut- 
ments or  supports  of  the  structure  and  act  in  opposition  to 
the  loads,  to  hold  the  structure  in  equilibrium.  It  is 
sometimes  necessary  to  introduce  in  the  analysis  of_  stresses 
imaginary  or  assumed  reactions  and  forces  that  replace  the 
resistance  to  bending  offered  by  some  member;  this  is  due 
to  the  fact  that  a  transverse  stress  cannot  be  shown  in  a 
diagram  in  conjunction  with  direct  stresses. 

Fig.  14  (a)  shows  an  iron  bracket  resting  on  the  ledge  a, 
tied  into  the  wall  at  b,  and  supporting,  at  its  end,  a  weight  W. 
As  the  external,  or  non-concurrent,  forces  alone  are  to  be 
taken  into  account,  the  members  of  the  bracket  may  be  dis- 
regarded and  the  structure  considered  as  a  solid  triangular 
body  held  in  equilibrium  by  the  four  forces  W,  C,  D,  and  E, 
as  shown  in  {b).  The  force  W  acts  vertically  while  C,  which 
is  a  tensile  stress,  acts  horizontally;  Z?andj5'may  be  regarded 
as  reactions.  For  the  frame  to  be  in  equilibrium,  the  sum  of 
the  vertical  forces  must  equal  zero^  as  must  also  the  sum 
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of  the  horizontal  forces.  Wis  known,  both  in  direction  and 
intensity,  and  since  £  is  negative  with  respect  to  the  force  W, 
their  algebraic  sum  must  be  W  —  E  =  0;  therefore,  W  =  E. 
Since  the  resultant  of  the  horizontal  forces  must  equal  zero, 
C  —  D  =  0,OT  C  =  D,  thus  proving  that  the  triangular  frame 
is  in  trarislatory  equilibrium;  that  is,  there  is  no  tendency 
for  the  frame  to  move  laterally  in  any  direction. 

The  conditions  of  complete  equilibrium  are  not  fulfilled 
unless  equilibrium  of  both  translation  and  rotation  exists  about 
any  point  of  the  structure.  Assume  the  point  c  as  the  center 
of  moments.  The  force  (Tacts  about  this  point  with  a  lever  arm 
equal  to  y  and  the  weight  W  tends  to  rotate  in  the  opposite 
direction  with  a  lever  arm  equal  to  x.     Since  the  forces  E  and 

w 


Fig.  14 

D  intersect  at  the  center  of  moments  c,  there  is  no  tendency 
for  them  to  rotate  the  structure  about  this  point,  for  their 
lever  arm  is  zero;  so  that  Z?  X  0  =  0,  as  does  t?  X  0  =  0. 
WXx  must  equal  C  X  J  in  order  to  produce  rotary  equilib- 
rium; therefore,  W  Xx  -  CXy  =  0.  The  algebraic  sum 
of  the  moments  of  all  the  forces  acting  about  c  and  tending 
to  rotate  the  triangular  frame  is  consequently  equal  to  zero. 


THE    FORCE    AliTD    EQUILIBRIUM     POLYGON 

19.  Since,  in  order  for  any  structure  to  be  in  equilibrium 
the  algebraic  sum  of  the  forces  acting  on  the  structure 
must  equal  zero,  when  a  structure  supports  a  number  of 
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parallel  loads,  the  reactions  at  ihe  ends  of  the  structure, 
which  are  coincident  with  the  line  of  action  of  the  loads, 
must  equal,  when  added  together,  the  sum  of  the  loads. 

If  the  loads  are  not  all  parallel,  but  exert  their  forces  along 
different  lines  of  action,  and  the  reactions  in  consequence  do 
not  coincide  with  the  line  of  action  of  the  several  forces,  the 
sum  of  the  reactions  does  not  equal  the  sum  of  the  loads; 
but,  in  order  for  the  structure  to  be  in  equilibrium,  the 
sum  of  the  vertical  and  horizontal  components  of  all  the 
forces  must  equal  the  stim  of  the  vertical  and  horizontal 
components  of  the  reaction. 


(a) 


(h) 


Fig.  15 


Assume  that  in  Fig.  15  («),  a  beam  loaded  at  the  center 
with  the  weight  J^is  held  in  equilibrium  by  the  reactions  R^ 
and  R^;  or,  designating  them  by  the  usual  system  of  notation, 
the  forces  AZ  and  B  Z.  Suppose,  now,  that  instead  of  a 
beam  that  has  a  certain  transverse  strength,  which  cannot  be 
represented  graphically,  the  load  W\%  supported  by  a  flexi- 
ble cord  attached  at  R^  and  R^.  This  cord  might  have  any 
length  and  consequently  might  drop  any  distance  below  the 
beam,  but  no  matter  what  this  drop  may  be,  the  vertical 
reactions  R^  and  R^  will  always  be  the  same,  for  the  sum  of 
Ri  and  R^,  equals  the  sum  of  the  vertical  components  of  all  of 
the  forces  acting  in  one  direction  on  the  cord,  while  W,  or 
the  amount  of'the  load,  must  be  equal  and  act  in  the  opposite 
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direction  to  fulfil  the  condition  that  the  algebraic  sum  of 
the  vertical  loads  shall  equal  zero.  Besides  the  reactions  R^ 
and  R„  in  order  to  create  equilibrium  in  the  cord  supporting 
the  load  W,  there  must  be  horizontal  forces  A  and  B  at  each 
end  of  the  cord  to  prevent  their  approaching  each  other. 
These  two  forces  could  as  well  be  supplied  by  a  horizontal 
strut  extending  between  the  ends  of  the  cord,  and  could  be 
considered  as  the  compressive  strength  of  the  beam. 

It  is  evident,  therefore,  since  there  are  horizontal  and  ver- 
tical forces  at  each  end  of  the  beam,  that  a  single  force  equal 
to  their  resultant  could  be  applied  to  the  ends  of  the  cord  in 
order  that  equilibrium  might  be  maintained.  These  oblique 
resultants  C  and  D  of  the  vertical  and  horizontal  components 
must,  therefore,  in  order  that  they  may  alone  create  equilib- 
rium, have  their  line  of  action  coincident  with  the  direction  of 
the  cord,  as  shown.  Assume  that  the  cord,  instead  of  occupying 
the  position  designated  in  Fig.  15  {a),  is  considerably  longer 
and  that  the  weight  is  applied  at  twice  the  distance  below 
the  beam,  as  in  Fig.  15  {b) .  The  directions  of  the  oblique 
reactions  coincident  with  the  present  direction  of  the  cord 
are  indicated  by  the  lines  ce  and  fg.  But  it  was  stated 
that  the  vertical  reactions,  which  are  the  vertical  components 
of  these  oblique  forces  and  are  represented  by  the  vertical 
lines  cd  and  f  k,  Fig.  15  {b) ,  must  always  be  of  the  same 
amount  when  the  load  W  is  located  in  the  center  of  the  cord; 
that  is,  their  sum  must  equal  the  load.  It  is  evident,  then, 
that  if  the  vertical  component  at  R^  is  laid  off  from  c  to  d,  and 
de  is  drawn  horizontally  from  d,  de  will  equal  the  horizontal 
component  of  the  oblique  force  at  this  abutment.  It  will 
also  be  noticed  that  when  the  oblique  reaction  C,  Fig.  15  («), 
is  designated  by  the  dotted  line  ce^.  Fig.  15  {b) ,  de,  is  the 
horizontal  component  for  the  oblique  reaction  at  R,.  As 
seen  in  Fig.  15  {b) ,  the  horizontal  reaction  of  the  cord  hav- 
ing the  lesser  drop  is  much  greater  than  the  horizontal 
reaction  of  the  cord  having  the  greater  drop,  and  it  is  there- 
fore evident  that  as  the  drop  of  the  cord  becomes  greater, 
the  horizontal  component  of  the  oblique  force  becomes  less. 
Likewise,  that  the  greater  the  drop  of  the  cord,  the  less  will 
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be  the  oblique  reaction  until  when  the  oblique  reaction 
approaches  verticality  the  thrust  or  horizontal  force  will 
become  zero  while  the  reaction  will  equal  one-half  of  the  load. 

20.     Assume  that  to  the  beam  shown  in  Fig.  16   (a)  is 
applied  a  load    JV  equal  to  1,000  pounds.       Lay  oflE  in  the 
w 


Pig.  16 

diagram  at  (d)  a  line  a  b  equal,  by  scale,  to  1,000  pounds. 
Choose  any  point,  or  pole,  such  as  o,  and  draw  lines  from 
a  and ^  to  this  point.  From  the  point  A  in  {a),  extend  a 
line  A  O  parallel  with  a  o  m  {b) .     Extend  the  line  of  action 
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of  the  force  W  acting  on  the  beam  until  it  intersects  this  line 
just  drawn  at  the  point  O.  From  the  point  O  thus  found, 
draw  a  line  O  B  parallel  with  o  b  in  {b)  and  designate  the 
point  of  intersection  of  this  line  and  the  line  of  action  of  the 
reaction  R,,  as  B.  Connect  the  points  A  and  B  just  found 
in  this  diagram,  and  returning  to  the  diagram  {b) ,  extend 
from  the  pole,  or  point  o,  a  line  coincident  in  direction  with 
the  line  A  B  in  (a).  Where  this  line  intersects  the  line  a  b, 
designate  the  point  as  z.  Fig.  16  (b)  is  known  as  the  force 
polygon,  while  Fig.  16  (a)  is  known  as  the  equilibrium,  or 
funimlar,  polygon. 

On  analyzing  these  diagrams,  it  is  found  that  the  distances 
b  z  and  z  a  are  equal  and  since  a  b  represents  the  amount  of 
the  load  and  b  z  and  z  a  are  one-half  of  the  load,  it  is  evident 
that  these  two  forces  represent,  in  amount  and  direction,  the 
reactions  R^  and  R,.  No  matter  where  the  pole  o  had  been 
chosen  or  assumed,  the  result  would  have  been  the  same,  for 
the  line  o  2'  is  always  drawn  parallel  with  the  line  A  B  found 
in  the  equilibrium  polygon.  On  scaling  the  lines  ao  and  bo 
in  Fig.  16  {b),  the  amount  of  the  oblique  forces  necessary 
to  create  equilibrium,  when  acting  in  the  direction  shown,  is 
found,  and  o  z  i^  the  thrust  exerted  or  the  compression  pro- 
duced in  the  strut  introduced  between  A  and  B  in  {a). 

A  few  explanations  at  this  point  may  help  the  student  in 
understanding  the  meaning  of  the  various  hnes  in  force  and 
funicular  polygons.  When  the  line  ab.  Fig.  16  {b) ,  repre- 
senting the  total  load  W,  has  been  laid  off,  and  a  pole  o 
selected,  from  which  the  lines  o  a  and  o  b  are  drawn,  the  force 
ab  has  been  resolved  into  the  components  ao  and  bo.  This 
construction  is  based  on  the  triangle  of  forces,  with  this  dif-. 
ference,  that  here  the  resultant  a  b  i^  given  and  the  com- 
ponents found.  It  is  clear  that  there  is  a  great  latitude  as 
to  the  selection  of  location  of  the  point  o,  and  therefore  of 
the  direction  and  magnitude  of  these  components. 

In  a  force  polygon,  any  of  the  components  may  be  resolved 
into  other  components,  the  direction  of  which  may  have  been 
given.  For  instance,  in  Fig.  16  {b)  it  is  desired  to  resolve 
the  forces  a  o  and  o  b  into  components,  two  of  which  will  be 
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vertical  and  two  parallel  with  the  line  A  B  in  the  funicular 
polygon.  The  line  02,  Fig.  16  {6},  was  drawn  parallel  with 
A  B  and  constitutes  a  component  that  will  be  common  both 
to  ao  and  o  b\  the  other  component  for  a  o  will  be  a  £■  and  for 
o b  will  be  b z.  The  force  triangle,  or  polygon,  aob  has  thus 
been  divided  into  two  smaller  triangles,  in  one  of  which  the 
force  a  o  has  been  resolved  into  the  two  components  a  s  and 
oz,  while  the  other  force  ob  has  been  resolved  into  the  com- 
ponents oz  and  b z.  It  is  evident  that  the  foi;ce  oz  can  be 
resolved  into  other  components  and  these  again  into  others; 
in  fact,  this  process  may  be  carried  on  indefinitely. 

In  constructing  the  funicular  polygon  in  Fig.  16  (a) ,  only  the 
total  load  W  =  ab  and  its  components  a 0  and  0 b  were  given. 
The  known  component  of  Ri,  that  is,  ao,  which  is  also  one  of 
the  components  of  W,  was  drawn  through  the  point  A  and 
intersected  the  line  of  action  of  the  force  H^at  O.  From 
this  point,  a  line  was  drawn  parallel  with  the  component  0  b 
in  the  force  polygon,  and  intersecting  the  line  of  action  of 
the  reaction  R,  at  B.  The  lines  A  O  and  O  B  represent  the 
components  of  the  load  W,  the  directions  and  magnitudes  of 
which  were  determined  by  the  selection  of  the  point  0  in 
Fig.  16  {b).  As  the  lines  of  action  and  magnitude  of  the 
other  components  of  the  reactions  Rx  and  R^  must  be  the 
same,  they  must  of  necessity  be  located  on  the  line  connect- 
ing the  points  A  and  B.  The  line  ^  ^  in  the  force  polygon 
parallel  with  A  B,  will  determine  the  magnitude  of  the  other 
components  of  the  reactions  7?,  and  R^,  az  being  the  verti- 
cal reaction  i?,,  bz  the  other  reaction  R,,  and  oz  the 
components  along  the  line  A  B. 

To  illustrate  the  locations  and  actions  of  the  various  com- 
ponents more  clearly.  Fig.  16  (c)  has  been  introduced.  In 
it  A  Ai  and  A  O  represent  the  components  of  the  reaction 
R^,  AO  and  OB,  those  of  the  load  W,  and  OB  and  B B„ 
those  of  the  reaction  R,.  In  general,  it  is  understood  that 
the  lines  of  action  of  the  components  A  A,,  and  B  B^  are 
located  along  the  line  A  B  and  it  is  therefore  unnecessary 
to  show  them  separately,  as  has  been  done  in  this  case; 

The  directions  in  which  the  various  components  act  are 
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found  from  the  force  polygon  in  the  manner  described,  but 
it  is  necessary  to  bear  in  mind  that  when  a  certain  force  in  a 
polygon  is  to  establish  equilibrium,  its  direction  conforms  to 
that  of  the  other  forces,  but  if  it  is  to  serve  as  a  resultant,  it 
must  act  in  the  opposite  direction. 

Considering  the  structure  in  (a)  as  a  cord  suspending  a 
weight  with  its  ends  separated  by  a  compression  member  in 
the  position  of  AB,  it  is  evident  that  the  force  polygon  (d) 
contains  the  reaction  diagram  giving  the  reactions  az  and^'d 
for  each  end  of  the  equilibrium  polygon.  In  Fig.  16  {d), 
which  represents  the  weighted  cord,  the  reactions  i?,  and  J?, 
coincident  in  direction  with  the  lines  of  action  of  the  cord, 
are  the  only  forces  required  at  the  ends  of  the  cord  to 
preserve  equilibrium.  These  reactions  are  represented  in  the 
force  polygon  hy  ao  and  b  o,  and  are  equal  to  the  tension  in 
the  cord.  For  the  reactions,  the  two  components  could  be 
substituted  as  shown  in  (d)  by  the  dotted  lines;  without  the 
reactions  these  forces  would  create  equilibrium.  The  com- 
ponents of  the  oblique  reaction  J?^  in  (d)  are  represented  in 
the  force  polygon  hy  z  a  and  o  z,  while  the  corresponding 
components  of  J?^  are  dz  and  zo. 

Another  pole  could  have  been  chosen  and  the  force  poly- 
gon drawn  as  at  {e) ,  in  which  case  the  equilibrium  polygon 
would  have  changed  correspondingly,  assuming  the  form 
shown  in  (/).  It  will  be  noticed  from  (e)  that  the  vertical 
components  bz  and  z  a  oi  the  oblique  reactions  always 
remain  the  same  length  and  consequently  the  same  amount 
when  oz  is  drawn  parallel  with  A  B  in  the  diagram  (/). 
The  direction  of  the  reactions  coincident  with  the  direction 
of  the  cords  and  the  oblique  components  of  this  reaction 
are  alone  changed. 

21.  Assume  the  conditions  of  loading  shown  in  Fig.  17 
(a).  The  load  JV  of  1,000  pounds  is  not  centrally  placed 
on  the  beam;  consequently,  the  principle  of  moments  involved 
in  the  theory  of  beams  makes  the  reaction  J?^  considerably 
less  than  /?..  Lay  off  in  the  force  polygon.  Fig.  17  (b), 
to  a  scale  of  i  inch  equals  100  pounds,  the  line  a  b  equal 
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to  1,000  pounds.  Intersecting  at  any  pole  o  draw  a  o  and  b  o. 
From  the  point  A,  in  {a),  extend  a  line  parallel  with  a  o 
and  intersecting  the  line  of  action  of  the  weight  or  the 
force  W  extended,  at  the  point  O.  From  O,  draw  a  line 
parallel  with  bo,  Fig.  17  {b) ,  intersecting  the  reaction  i?, 
at  B.  Connect  A  and  B  as  before,  and  from  om.{b)  draw  a 
line  parallel  with  A  B  m.  the  equilibrium  polygon  and  inter- 
secting a  b.  By  measuring  b  z  and  z  a,  the  reactions  R^  and 
R^  will  be  found  to  equal  770  and  230  pounds,  respectively. 
The  student  should  not  be  guided  by  the  size  of  these 
diagrams,  as  the  size  of  those  employed  in  practice  for  solv- 
ing graphical  problems  should  be  considerably  larger  to  give 


£gL///fi?r/um 
(a) 


force  fo/i/po/l 


Fig.  17 


accurate  results.  The  stress  diagram  would  be  laid  out  to  a 
scale  of  from  500  pounds  to  5,000  pounds  to  1  inch,  while  the 
scale  used  for  the  frame  diagram  would  be  from  iV  inch  to 
4  inch  to  the  foot. 

22.  The  application  of  the  force  and  equilibrium  poly- 
gons for  determining  the  reactions  of  non-concurrent  forces 
is  not  limited  to  a  beam  or  structure  supporting  one  weight, 
for  they  can  be  used  for  obtaining  the  reactions  of  a  simple 
beam  supporting  any  number  of  loads  acting  in  any  direction. 
For  example,  assume  that  a  beam,  Fig.  18  (a),  supports  the 
two  loads  W-,  and  (K,  which  are  placed  at  the  position  fixed 
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by  the  given  dimensions.  In  order  to  determine  the  reac- 
tions Ri  and  R^,  lay  ofE  the  force  polygon  {b)  by  drawing 
the  load  line  a  c  and,  measuring  with  some  convenient  scale, 
make  a  b  and  be  equal,  respectively,  to  W^  and  W^.  Choose 
any  pole  o  and  connect  it  with  the  points  a,  b,  and  c  by  radial 
lines.  Draw  the  equilibrium  polygon  by  comniencing  at  A 
and  drawing  A  O  parallel  with  aooi  the  force  polygon,  inter- 
secting the  line  of  action  of  the  load  W^  at  O.  From  this 
point,  draw  a  line  parallel 
with  the  line  o  b  in  the 
force  polygon,  intersecting 
the  line  of  action  of  the 
load  W.  at'  B.  Finally, 
draw  from  B  a  line  parallel  4  J-= 
with  0  c  in  the  force  poly- 
gon and  intersecting  the 
reaction  R,  at  C.  Connect 
A  and  C,  as  explained  in 
the  previous  cases,  and 
from  o  in  the  force  polygon 
draw  a  line  parallel  with 
A  C,  intersecting  the  load 
line  at  z\  the  reactions 
Ri  and  R^  are  found  by 
scaling  z  a  and  c  z.  If,  in 
the  equilibrium  polygon, 
A  O  and  C  B  are  extended 
until  they  intersect  at  the 
point  Ci,  a  vertical  line  drawn  upwards  from  C,  will  divide 
A  C  into  two  such  parts  that  the  ratio  of  X  to  X^  will  be 
inversely  proportional  to  the  ratio  of  R,  to  R,;  the  amount 
of  R^  and  R^  may  be  found  by  designating  A  C  equal  to 
the  sum  of  the  loads  W^,  and  W^,  when  R,  will  have  the  same 
ratio  to  the  total  load  as  X,  to  the  whole  distance  A  C,  and 
R^  will  bear  the  same  relation  to  the  total  load  as  A'  to  ^  C. 


Force  Fb/i/gon 

Fig.  18 


23.     The  example  shown  in  Fig.  19  (a)  is  similar  to  the 
one  just  described  with  the  exception  that  several  loads  are 
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applied  and  there  are  vertical  loads  also  at  each  end  of 
the  beam.  The  force  polygon,  Fig.  19  (6),  is  drawn  as  in  the 
previous  cases,  and  in  drawing  the  equilibrium  polygon  the 
lines  of  action  of  the  several  forces  are  extended  as  shown 
by  the  dotted  lines.  In  drawing  this  equilibrium  polygon, 
however,  it  will  be  noticed  that  the  line  marked  1  is  parallel 
with  the  second  line  from  the  top  of  the  force  polygon,  or 


Force  Po/t/cfoj^ 

Fig.  19 

b  o,  and  that  the  first  line  of  the  force  polygon  ao  is  repre- 
sented in  the  equilibrium  polygon  by  A  O,  while  reference  to 
the  right-hand  end  of  the  figure  will  show  that  the  line 
marked  5  in  the  equilibrium  polygon  is  parallel  with  the  line 
marked  o  in  the  force  polygon.  The  reason  for  this  is  that 
the  loads  IV^  and  IV,  are  coincident  with  the  reactions  /?, 
and  Ji^,  respectively.  When  the  load  W„  represented  in  the 
force    polygon   by  the  force  a  b,   is   resolved  into   its   two 


§26       GRAPHICAL  ANALYSIS  OF  STRESSES  31 

components  o  a  and  o  b,  these  should,  as  already  explained,  be 
laid  off  on  either  side  of  the  line  of  action  of  the  load  W^,  one 
intersecting  the  reaction  7?,  and  the  other  the  line  of  action 
of  load  IV^.  In  this  case  the  forces  W^  and  R^  being 
coincident,  only  the  component  o  b  can  be  drawn.  The  same 
conditions  prevail  at  the  load  W^.  While  the  loads  W^  and 
W^,  on  account  of  their  position,  produce  no  stress  in  the 
girder,  yet  they  add  their  share  to  the  total  load  and  will 
therefore  have  to  be  included  among  the  forces  in  the  force 
polygon,  in  this  manner  affecting  the  position  of  the  point  z 
and,  as  a  consequence,  the  amount  of  the  vertical  reactions 
Ri  and  R,.  If  the  forces  a  b,  b  c,  .  .  .  f g  were  combined, 
they  would  equal  the  total  load  and  would  be  represented 
by  the  line  ag,  the  components  of  which  would  be  <7a  and 
og.  If  A  O  and  O  B  were  drawn  parallel  with  these  com- 
ponents they  would  intersect  at  the  point  O,  which  would  be 
located  on  the  line  of  action  of  a  load,  the  location  and 
magnitude  of  which  would  be  such  that  it  would  have  the 
same  effect  as  the  six  loads.  The  point  of  intersection  O  of 
the  lines  A  O  and  B  Ois  the  center  of  action  of  the  loads;  that 
is,  a  vertical  force  equal  and  opposed  to  the  loads  when  located 
at  this  point  will  just  balance  the  loads  and  create  rotary 
equilibrium,  or  conversely,  it  is  the  position  at  which  a 
weight,  equal  to  the  weights  on  the  beam,  suspended  from 
the  point  (9  on  a  cord  fastened  at  A  and  B  will  produce  the 
same  reactions  as  the  weights  on  the  beam.  The  reactions 
at  the  end  of  the  beam,  which  are  found  by  measuring  z  a  and 
gz,  are  represented  in  the  equilibrium  polygon  by  R^  and  7?^. 
The  construction  of  the  equilibrium  polygon  as  described 
usually  exists  where  there  are  two  end  loads  on  the  beam 
or  structure,  and  the  student  should  always  bear  in  mind  the 
fact  that  the  equilibrium  polygon  is  contained  between  the 
lines  of  action  of  the  reactions,  and  that  in  the  equilibrium 
polygon  there  exists  the  same  number  of  lines  as  radiate  from 
the  pole  o  in  the  force  polygon. 

24.     The  solution  of  the  complicated  problem  shown  in 
Fig.  20   (a)   is  as  readily  accompHshed  as  in  the  simpler 
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cases  previously  assumed.  The  several  loads  need  not  be 
laid  off  in  the  force  polygon  in  the  regular  order,  as  shown 
in  Fig.  20  (d);  but  in  whatever  order  they  are  laid  off  in  the 
force  polygon,  the  same  sequence  must  be  observed  in  lay- 
ing out  the  equilibrium  polygon.  Hence,  the  load  line  of 
the  force  polygon  may  be  obtained  by  laying  off  the  loads 
W„  W„  W^,  IV„  and  W„  as  shown  in  Fig.  20  {c);  and  by 
connecting  the  points  at  the  ends  of  the  load  line,  as  desig- 
nated by  the  line  a  b,  the  direction  of  the  reactions  at  the 
ends  of  the  beam  is  found.  Choose  any  pole  o  and  draw 
radial  lines  to  the  end  of  each  force  on  the  load  line.  The 
reactions  R^  and  R,  in  the  equilibrium  polygon  will  then 
lie  in  the  direction  of  the  line  a  b  in  either  force  polygon, 
and  both  equilibrium  polygons  will  be  included  between 
these  two  lines. 

Both  equilibrium  polygons  are  shown  in  Fig.  20  {a);  the 
one  corresponding  to  the  force  polygon  at  (b)  is  shown  with 
solid  lines,  while  the  one  described  from  the  force  polygon 
(c)  is  shown  with  dot-and-dash  lines.  In  drawing  the  latter, 
commence  at  the  point  A  on  the  line  of  action  of  the  reac- 
tion Ri  and  draw  the  line  marked  1  of  the  equilibrium  poly- 
gon parallel  with  the  first  radial  line  in  the  force  polygon. 
This  line  in  the  force  polygon  connects  the  intersection  of 
the  reaction  line  a  z  and  the  force  or  load  zc,  with  the,pole  o 
and  should,  consequently,  be  drawn  in  the  equilibrium  poly- 
gon from  the  line  of  action  of  the  reaction  ^,"to  the  line  of 
action  of  W,.  From  this  intersection,  draw  line  2  parallel 
with  the  line  in  the  force  polygon  similarly  marked;  this 
extends  to  the  line  of  action  of  the  force  TFo,  since  line  2  in 
the  force  polygon  connects  the  intersection  of  loads  zc,  and 
w,  to  the  pole  o. 

Draw  from  this  intersection,  line  3  parallel  with  the  ray  3 
in  the  force  polygon,  intersecting  at  W^  extended.  Proceed 
in  this  manner  around  the  entire  equilibrium  polygon  until 
the  point  B  has  been  obtained.  From  B  in  the  equihbrium 
polygon  draw  a  line  to  the  point  A  and  draw  from  o  in  the 
force  polygon  a  line  parallel  to  AB  intersecting  the  line  of 
the    reactions    at   z.     The  required  reactions  are  measured 
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from  b  to  z  and  from  z  to  a,  and  are  equal,  by  measure- 
ment, to  J?,  and  /?,,  respectively. 

The  system  of  non-concurrent  forces  W^,  W„  W,,  etc.  can 
be  held  in  equilibrium  by  either  one  of  two  systems  of 
reactions:  first,  by  reactions  acting  in  the  direction  of 
B  O  and  A  O  in  the  equilibrium  polygon  and  equal  in 
amount  to  the  forces  determined  by  measuring  o  b  and 
o  a  va.  the  force  polygon  (c);  second,  by  the  reactions 
R^  and  R,  and  the  thrusts  /«,  and  h^,  these  forces  being 
the  components  oi  a  o  and  o  b  in  (c). 

It  is  shown  in  this  solution,  by  comparing  the  diagrams 
{b)  and  (c),  that  the  reactions  have  the  same  amount  and 
direction  no  matter  in  what  order  the  loads  are  taken,  if 
the  same  sequence  is  followed  in  drawing  the  equilibrium 
polygon.  To  make  this  clearer,  it  may  be  further  stated  that 
in  drawing  the  equilibrium  polygon,  all  that  need  be  observed 
is  that,  commencing  at  the  point  ^4,  the  lines  1,  2,  3,  4,  etc. 
of  the  equilibrium  polygon  are  laid  off  between  the  lines  of 
action  of  the  several  forces  and  extended  in  the  direction 
determined  by  the  ray  in  the  force  polygon  relating  to  the 
particular  force  in  the  eqixilibrium  polygon  from  which  it  is 
drawn.  Thus,  the  line  1  in  the  equilibrium  polygon,  extend- 
ing between  the  lines  of  action  of  the  reaction  Ri  and  the  load 
IV,  corresponds  with  line  1  in  the  force  polygon  drawn  from 
the  intersection  of  the  line  a  z,  which  represents  the  reaction 
Ri,  and  the  load  line  w,.  The  line  2  in  the  equilibrium 
polygon  corresponds  with  ray  2  in  the  force  polygon  and  is 
drawn  from  the  point  of  intersection  of  line  1  and  the  line  of 
action  of  W,  extended.  Likewise,  line  5  in  the  equilibrium 
polygon  coincides  in  direction  with  ray  3  in  the  force  polygon 
and  is  drawn  from  the  intersection  of  line  2  with  the  line  of 
action  of  W,  extended. 

The  reason  for  this  method  of  constructing  the  equilibrium 
polygon  from  the  force  polygon.  Fig.  20  (c) ,  is  easily  seen 
when  it  is  remembered  what  was  stated  in  Art.  23  regarding 
the  components  of  each  of  the  forces  on  the  load  line  a  b. 
In  each  of  the  force  triangles  into  which  the  force  polygon 
has  been  divided,  the  two  rays  are  components  of  the  force 
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that  constitutes  the  third  side.  Lines  drawn  in  the  equilib- 
rium polygon  parallel  with  these  components  should  in  each 
case  intersect  on  the  line  of  action  of  that  load  or  force  that, 
in  the  force  polygon,  is  represented  by  the  third  side  of  the 
triangle  in  which  the  components  are  located. 

The  lines  in  the  equilibrium  polygons,  which  are  drawn 
through  the  points  O  and  O^  in  the  direction  of  the  reactions, 
give  the  positions  on  the  lines  A  B  and  A  B^,  respectively, 
at  which  it  would  be  necessary  to  apply  a  force  equal  to  the 
sum  of  the  reactions  and  acting  in  their  direction,  to  balance 
the  loads  and  to  produce  both  rotary  and  translatory  equilib- 
rium. In  this  instance,  these  lines  are  coincident  and  pass 
through  both  points  O  and  O,. 

The  results  obtained  from  the  two  force  polygons  will 
be  the  same,  though  probably  it  is  always  more  convenient  to 
take  the  forces  in  the  order  in  which  they  occur.  The  student 
should  thoroughly  familiarize  himself  with  the  principles 
involved  in  the  application  of  the  equilibrium  and  force 
polygons;  and  that  he  may  understand  the  usefulness  of 
this  system  of  analysis,  he  should  work  out  for  himself 
by  the  graphical  method  the  problems  called  for  in  the 
following  examples. 

EXAMPLES    FOR    PRACTICE 

1.  A  main  girder,  having  a  span  of  40  feet,  is  subjected  to  the 
superimposed  loads  shown  in  Fig.  21;    determine  the  amount  of   the 


Fig.  21 


2.     A    steel  I  beam  is    required  to   sustain   the  foc^t  of  a  slanting 
column  or    strut    forming   one  of    the  supports  of  a  water  tank,  as 
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Ans. 


shown    in    Fig.    22;    what   will   be   the    direction    of    the    reactions 
on   the   walls   and  their   amounts,   by  the  graphical    determination, 

provided  the  compression 
in  the  strut  equals,  3,000 
pounds? 

("Direction:      same    as 
I     load 

1,275 
1,725 

3.  A  pair  o£  light  steel 
channels  in  a  machine  shop 
is  Subjected  to  the  pull  of 
several  belts  and  is  also  re- 
quired to  sustain  a  load 
as  shown  in  Fig.  23;  what  direction  and 


I  Amounts:  Hi 


Fig.  22 
from  a  hoist  and  traveler. 


Pig.  23 


arnounts  will  the  graphical  method  give  the  reactions  at  the  column 
supports?  (Direction:     approximately 

.        J      13°  with  vertical  axis 
■^"^■l  Amounts:    R^  =  2,050 
I  R^  =  5,050 
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APPLICATION    OF    GRAPHICAL 

ANALYSIS 


SCOPE   OF   GKAPHICAL  SOLUTIONS 

25.  The  study  of  the  composition  of  forces  has  shown 
that  the  final  effect  of  two  forces  can  be  represented  by  a 
third  force  having  a  different  direction  and  intensity;  and 
also  that  any  oblique  force  can  be  resolved  into  its  vertical 
and  horizontal  components.  Therefore,  when  the  direction 
and  intensity  of  one  of  three  forces  acting  at  a  joint  or  con- 
nection in  a  framed  structure  are  given,  the  other  forces  can  be 
obtained,  provided  that  the  directions  or  amounts  of  both,  or 


K 


c:!y-' 


\^o 


a 

a 

(t» 

(c) 

i.  24 

(a) 


the  direction  and  amount  of  one  are  known;  for  instance,  the 
forces  ad  in  Fig.  24  (a),  (b) ,  and  {c)  are  known  both  as  to 
intensity  and  direction.  It  is  assumed  in  the  case  shown  in 
{a)  that  the  amount  of  each  of  the  two  unknown  forces  is 
given  and  that  in  order  to  determine  these  forces  it  is 
necessary  to  know  the  direction  in  which  they  act.  To  find 
the  unknown  directions  of  the  two  forces  the  dividers  should 
be  set  to  scale  for  one  of  the  forces  and  an  arc  struck  from  a, 
as  designated.     The  dividers  being  then  set  for  the  other 
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force,  an  arc  is  struck  from  b  and  their  intersection  ate  deter- 
mines the  direction  oi  ac  and  cb.  In  (3)  the  directions  of 
the  two  unknown  forces  are  known  either  from  the  fact  that 
they  are  parallel  with  another  line  already  determined,  or 
because  the  angle  that  they  make  with  ab  \s  known. 
Assuming  that  the  angle  that  the  unknown  force  extending 
from  a  makes  with  the  line  ab  \%  60°,  the  line  representing 
this  force  may  be  extended  indefinitely,  as  shown.  If  the 
angle  of  the  force  drawn  from  b,  with  reference  to  ab, 
is  equal  to  45°,  it  is  evident  that  a  line  drawn  at  this  angle 
from  b  will  intersect  the  other  force  at  c.  Then  by  scaling 
a  c  and  b  c  the  two  unknown  forces  are  completely  determined, 
that  is,  both  their  direction  and  intensity  are  known.  In  {c) 
the  direction  and  intensity  of  both  ab  and  ac  are  known; 
therefore,  the  point  c  can  be  located  by  scale  and  b  c  drawn. 
Consequently,  both  the  direction  and  amount  oi  be  may  be 
obtained  in  this  manner. 

26,  From  the  foregoing  it  has  been  determined  that 
the  following  statements  are  true  of  any  system  of 
three  forces: 

1.  That  the  unknown  direction  of  two  forces  can  be 
obtained  when  their  amounts  and  the  amount  and  direction 
of  the  third  force  are  known. 

2.  That  the  amount  of  two  unknown  forces  may  be  foimd 
when  their  direction  and  the  amount  and  direction  of  the 
third  force  are  known. 

3.  That  the  direction  and  amount  of  a  force  may  be 
obtained  when  the  direction  and  the  amounts  of  the  other 
two  forces  are  known. 

In  the  application  of  graphical  statics,  the  truth  conveyed 
by  the  first  statement  is  seldom  employed,  but  the  second 
and  third  principles  form  the  basis  of  the  science  of 
graphical  statics  as  applied  in  the  solution  of  stresses  in 
framed  structures. 

In  Fig.  25  (rt)  is  shown  a  diagrammatical  figure  that  rep- 
resents a  panel  point,  or  joint,  on  the  rafter  member  of  a 
roof  truss.      The   known  stresses  about  this  point  are  the 
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compression  in  the  lower  portion  of  the  rafter  member  and 
the  vertical  force  W  that  represents  the  load  at  the  panel 
point  applied  throtigh  the  purlin  that  is  secured  to  the  frame 
at  this  position.  These  two  known  forces  are  shown  by 
heavy  lines,  while  the  unknown  stresses  exist  in  the  upper 
portion  of  the  rafter  member  and  the  strut,  the  latter  being  ■ 
designated  by  light  lines. 

Assume  that  the  weight  Wis  equal  to  1,000  pounds  and 
that  the  stress  in  the  lower  portion  of  the  rafter  member 
is  6,000  pounds.  The  problem  is  to  determine  the  stress  in 
the  upper  portion  of  the  rafter  member  and  in  the  strut. 
In  (b) ,  lay  off  on  a  line  parallel  with  the  rafter  member, 
a  distance  equal,  by  scale,  to  6,000  pounds.  It  is  known 
that  the  direction  of  the  stress  in  this  member  is  upwards 


Fig.  2S 

toward  the  joint;  so  that  the  line  just  drawn  extends  from 
a  to  b  in  the  direction  of  the  arrow,  as  shown.  From  b, 
the  line  be  is  laid  off  equal,  by  the  same  scale,  to  the 
amount  of  W  or  1,000  pounds,  and  downwards.  The  result- 
ant of  these  two  forces  will  extend,  as  shown  by  the 
dotted  line,  from  a  to  c.  Let  this  resultant,  therefore,  rep- 
resent the  base  line  on  which  the  two  unknown  forces  are 
to  be  constructed;  that  is,  let  it  represent  the  line  ab 
shown  in  Fig.  24  (a),  (b) ,  and  (c) .  The  length  and  amount 
of  this  resultant  ac  is  known. 

By  applying,  therefore,  the  second  principle  stated  above, 
the  amount  of  the  two  unknown  forces  may  be  found.  In  order 
to  determine  these  forces,  draw  from  c  a  line  parallel  with  the 
rafter  member  and  from  a  a  line  parallel  with  the  strut.    Then, 
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by  measuring  with  the  same  scale  to  which  a  b  and  b  c  were 
laid  off,  the  stress  in  the  strut  can  be  found  from  a  d,  while 
the  stress  in  the  upper  portion  of  the  rafter  member  is  found 
by  measuring  cd.  The  polygon  of  forces  around  the  entire 
joint  extends  from  a  to  b,  from  b  to  c,  from  c  to  d,  and  from 
d  to  a;  since  the  polygon  closes,  the  joint  is  in  equilibrium 
of  translation,  and  because  the  forces  are  concurrent,  the 
joint  has  no  rotary  tendency.     Though  it  was  not  necessary 

to  draw  the  resultant  a  c,  this 
was  done  to  show  that  every 
force  polygon  is  made  up  of  a 
series  of  triangles  of  forces, 
and  the  resultant  of  any  num- 
ber of  forces  of  the  system  is 
obtained  by  a  line  connecting 
the  end  of  any  force  with  the 
point  of  commencement  of  the 
polygon.  For  instance,  the  re- 
sultant oi  ab  and  be  is  a c,  while 
the  resultant  of  ab,  be,  and  cd 
is  da;  in  the  same  manner  the 
resultant  of  be,  cd,  and  da  is  ab. 
The  application  of  the  third 
principle  is  usually  employed 
where  it  i|  necessary  to  deter- 
mine one  of  the  unknown  forces 
by  means  of  calculation,  as  will 
be  further  explained;  it  is  also 
used  in  drawing  the  reaction 
-diagrams.  In  explanation  of 
the  latter,  assume  that  in  order  to  hold  the  foot  of  the  roof 
truss  designated  diagrammatically  in  Fig.  26,  there  neces- 
sarily exists  a  vertical  force,  as  shown  by  R^,  and  a  horizontal 
thrust,  as  designated  by  //",.  It  is  desired  to  determine  the 
resultant  of  these  two  forces,  in  order  to  find  at  what  posi- 
tion on  the  base  line  this  force  will  intersect,  so  that  it  may  be 
decided  whether  the  abutment  is  in  equilibrium.  The  amount 
of  the  thrust  H,  is  laid  off  to  scale,  as  shown.     The  reaction 


Fig.  26 
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Ri  is  known  and  the  points  a  and  b  are  consequently  located. 
The  resultant  will  therefore  extend  from  a  to  b,  and  when 
drawn  from  the  center  of  the  foot  of  the  truss,  the  effect 
of  these  two  forces  on  the  abutment  is  determined  and 
exists  as  shown. 

DIAGRAMS 

27.  In  the  application  of  graphical  statics  to  the  deter- 
mination of  stresses  in  roof  trusses  and  framed  structures, 
the  direction  of  all  internal  and  external  forces,  excepting  the 
reactions,  are  known,  and  the  solution  resolves  itself  into  the 
determination  of  the  amounts  of  the  forces  only.  In  order, 
therefore,  that  the  direction  of  the  several  external  and 
internal  forces  that  are  known  may  be  applied  in  drawing  the 
diagram  for  obtaining  the  stresses,  it  is  necessary  that  an 
accurate  outline  of  the  truss  or  framed  structure  shall  be  laid 
out  to  scale.  In  this  diagram,  which  is  drawn  according  to 
the  principal  dimensions,  the  exact  direction  of  all  the 
external  forces  and  the  internal  members,  that  represent  the 
internal  forces,  are  accurately  designated.  Such  a  diagram, 
which  is  practically  the  preliminary  sketch  or  study  of  the 
structure,  is  called  the  frame  diagram,  from  the  fact  that 
it  represents  the  framework,  or  skeleton,  of  the  structure. 
The  diagram  that  is  drawn  in  order  to  determine  the  stresses 
and  in  which  each  line  represents  graphically,  in  its  relation 
with  the  other  lines  of  the  diagram,  the  several  forces 
exerted  on  the  structure,  either  internally  or  externally,  is 
called  the  stress  diagram,  though  sometimes  erroneously 
termed  strain  diagram. 

The  frame  diagram  for  a  simple  roof  truss  is  shown  in 
Fig.  27  {a),  while  the  stress  diagram  is  shown  in  {b)  of 
the  same  figure.  The  frame  diagram  is  drawn  to  a  conve- 
-nient  scale  of  a  certain  number  of  inches  to  the  foot,  but  since 
lines  in  the  stress  diagram  represent  forces  in  direction  and 
intensity,  the  stress  diagram  is  always  drawn  to  a  convenient 
scale  of  pounds  equal  to  some  unit  of  linear  measurement, 
such  as  1  inch;  for  instance,  the  frame  diagram  shown  in  the 
figure  may  be  drawn  to  a  scale  of  i  inch  =  1  foot,  while  the 
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stress  diagram  may  be  laid  out  to  such  a  scale  that  every 
inch  in  the  length  of  the  line  represents  1,000  pounds,  or  if  a 
tenth  scale  is  used  each  tV  inch  equals  100  pounds.  The 
lines  in  the  frame  diagram  representing  the  forces  are  never 
drawn  to  scale,  as  they  simply  show  the  direction  of  the 
forces.  Sometimes,  however,  it  is  customary  to  lay  out  a 
stress  diagram  upon  or  connected  ^ith  the  frame  diagram  in 
order  to  obtain,  possibly,  the  vertical  or  horizontal  com- 
ponents of  an  oblique  force,  or  to  find  the  resultant  reaction 

for  a  system  of  forces 
representing  the  inde- 
pendent reactions  due 
to  different  external 
forces  acting  on  the 
structure;  for  exam- 
ple, in  Fig.  28  is 
shown,  in  light  lines, 
a  stress  diagram 
drawn  in  conjunction 
with  the  frame  dia- 
gram. Here  it  was 
deemed  expedient  to 
determine  one  force, 
such  as  R^,  that  would 
equal  in  effect  the 
horizontal  force  H,, 
the  vertical  force  V,, 
and  the.  oblique  force  O^.  The  direction  and  amount  of  the 
resultant  R,  was  found  by  laying  off,  to  scale,  the  amounts 
of  V,,  Hi,  and  O,  on  their  respective  coincident  or  parallel 
lines,  ab,  be,  and  cd,  the  resultant  7?^ being  equal  in  intensity 
and  direction  to  da.  When  this  force  R^  is  introduced 
instead  of  the  three  forces,  the  equilibrium  of  the  structure 
is  still  maintained. 

In  drawing  the  frame  diagram,  any  usual  scale,  as  i,  i, 
8,  f,  or  2  inch  to  the  foot,  can  be  used,  though  probably 
the  8-  and  i-inch  scale  will  be  found  most  convenient.  In 
laying   out  stress  diagrams,  the  tenth   scale  can  be  more 


Fig.  27 
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readily    employed    than   the    usual    inch   scale   divided   into 
8ths  and  16ths. 

28.  The  frame  and  stress  diagrams  are  often  called 
reciprocal  diagrams,  from  the  fact  that  for  every  system  of 
forces  in  the  frame  diagram  there  exists  in  the  stress  diagram 
a  series  of  lines  that  are  respectively  parallel  with  the  lines 
of  the  forces  in  the  frame  diagram;  and  for  every  joint  at 
which  a  system  of  concurrent  forces  exists  in  the  frame 
diagram,  there  is  a  corresponding  polygon  of  forces  in  the 
stress  diagram.  In  determining  the  stresses  on  any  framed 
structure,   it  is   usually    necessary    to    draw    several    stress 


Fig.  28 

diagrams;  for  instance,  to  find  the  stresses  existing. in  the 
truss,  it  is  customary  to  draw  at  least  a  vertical-load  diagram 
and  a  wind-load  diagram,  and  sometimes  it  is  advisable  to 
draw  also  a  snow-load  diagram  and  even  a  stress  diagram 
for  the  wind  load  on  one  side  of  the  roof  and  the  snow  load 
on  the  other.  For  each  stress  diagram,  the  frame  diagram 
remains  the  same,  with  the  exception  that  the  direction  and 
amounts  of  the  loads  at  the  panel  points,  as  well  as  the 
reactions,  change.  Oftentimes,  one  outline  of  the  framed 
structure  embodies  all  of  the  forces  acting  on  the  truss, 
though  where  a  number  of  stress  diagrams  are  to  be  drawn, 
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considerable  confusion  is  usually  avoided  by  drawing  separate 
frame  diagrams.  In  the  design  of  all  roof  trusses,  the  wind 
and  vertical  loads  should  be  considered  separately,  though 
the  less  conservative  engineers  do  not  consider  the  separate 
effects  of  the  wind  and  snow  on  spans  of  less  than  100  feet. 


NOTATION 

29.  In  order  that  the  external  forces  or  the  internal 
stresses  exerted  in  the  frame  diagram  may  be  intelligently 
designated  in  the  stress  diagram,  so  that  by  inspection  one 
may  know  that  a  particular  line  in  the  stress  diagram 
designates  the  amount  and  intensity  of  the  stress  in  a  partic- 
ular member  in  the  frame  diagram,  some  convenient 
notation  must  be  employed.  A  notation  should  be  used 
such  that,  in  analyzing  the  stresses'  around  a  single  joint, 
the  polygon  of  forces  may  be  readily  traced  and  the  com- 
pletion of  the  polygon  of  forces  will  be  immediately  known 
when  the  point  from  which  the  polygon  was  started  has  been 
finally  reached.  The  system  of  lettering,  or  notation,  com- 
monly used  in  graphical  statics,  consists  in  placing  a  capital 
letter  in  every  space  throughout  the  frame  diagram  between 
the  several  members  and  the  forces  acting  externally.  The 
lettering  is  usually  commenced  at  the  left-hand  end  of  the 
diagram  and  runs  around  the  figure  in  the  direction  traveled 
by  the  hands  of  a  clock;  the  internal  spaces  are  then  lettered 
in  alphabetical  order,  commencing  likewise  at  the  left-hand 
end  of  the  figure.  The  middle  point  of  the  diagram,  or  that 
space  included  between  the  two  principal  reactions,  is  usually 
denominated  by  the  letter  Z. 

In  Fig.  29  {a)  is  shown  a  frame  diagram  lettered  with  the 
notation  just  described.  The  first  vertical  load  at  the  left- 
hand  end  of  the  truss  is  known  as  the  load,  or  force,  A  B; 
the  second  load  as  B  C,  etc.  The  three, divisions  of  the  tie- 
member  beginning  at  the  left  are  designated  as  G  Z,  I Z,  and 
K Z,  while  the  several  portions  of  the  rafter  members  are 
known  as  G  B,  CH,  J D,  and  EK.  The  struts  are  GH  and 
J K,  while   the   tension  rods   are  denominated  HI  and  IJ. 
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The  stress  diagram  that  would  be  laid  out  in  order  to 
analyze  the  stresses  in  the  frame  diagram  at  (a)  is  shown 
at  (6);  the  same  letters  designate  the  stresses  or  forces 
similarly  marked  in  the  frame  diagram,  with  the  exception 
that  small,  or  lower-case,  letters  are  used  instead  of  capitals; 
for  instance,  ad  represents  to  scale  the  force  AB;  be  rep- 
resents   the    direction   and   intensity   of   the   force  B  C;   c  d 


likewise  stands  for  CD  in  the  frame  diagram.  The  reaction 
^1  is  designated  in  the  stress  diagram  by  za^  while  is  will 
give,  on  measuring,  the  amount  of  the  reaction  R^. 

The  convenience  of  this  notation  consists  in  the  fact  that 
the  frame  and  stress  diagrams  bear  a  peculiar  relation  to 
each  other  in  that  where  any  system  of  forces  in  the  frame 
diagram  acts  at  a  single  point,  there  is  a  corresponding 
closed   polygon   represented   in   the    stress    diagram.     For 
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example,  the  apex  of  the  truss  is  a  point  at  which  five  forces 
meet — they  are  the  vertical  load  CD,  the  stress  in  the 
right-hand  rafter  member  D  J,  the  stress  in  the  oblique  ten- 
sion member  J  I,  and  the  stresses  in  the  left-hand  rafter 
member  and  tension  member,  respectively,  designated  as 
HC  and  I H.  In  the  stress  diagram  these  forces  do  not 
meet  at  a  single  point,  but  form  the  polygon  cdjih,  the 
last  line  h  c  of  the  polygon  making  a  closed  figure.  On 
the  other  hand,  any  closed  figure  in  the  frame'  diagram, 
such  as  the  triangular  space  including  the  letter  G,  is 
designated  in  the  stress  diagram  by  a  number  of  lines  meet- 
ing at  a  common  point;  that  is,  the  space  G  in  the  frame 
diagram  is  enclosed  by  the  members  of  the  frame  desig- 
nated as  B  G,  GZ,  and  G  H,  while  in  the  stress  diagram  the 
lines  that  represent  the  stresses  in  these  several  members 
mee't  at  the  point  g,  and  are  b g,  gz,  and  g  h. 

It  is  not  absolutely  necessary  to  use  this  system  of  letter- 
ing, for  any  letters- or  numbers  may  be  employed,  so  long  as 
no  two  spaces  in  the  truss  are  marked  alike.  It  is  well, 
however,  to  have  some  definite  system  in  engineering  work, 
and  the  foregoing,  being  as  convenient  as  any  that  can 
be  suggested,  is  universally  adopted. 


DETERMINATION  OF  EXTERNAL  FORCES 

30.  Before  the  stress  diagram  for  any  framed  structure 
can  be  drawn,  it  is  necessary  to  complete  the  polygon  of 
external  forces,  which  consists  of  the  loads  on  the  frame 
and  their  reactions.  This  Step  is  one  of  the  most  important 
in  graphical  solutions;  for  if  this  polygon  is  incorrectly 
laid  out,  it  will  be  impossible  to  close  the  stress  diagram. 
The  loads  supported  on  a  frame  are  always  considered  as 
concentrated  at  the  joints  of  the  frame;  in  designing  roof 
trusses,  the  purlins  are  either  located  at  the  joints  along  the 
rafter  members  or  else  the  loads  are  considered  as  being 
transmitted  to  these  points  by  the  transverse  strength  of  the 
member  between  the  panel  points.  In  Fig.  30  is  shown  a 
simple  roof  truss  with  its  loads  and  reactions.  ~  The  panel 
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points,  at  which  the  loads  on  the  rafter  members  are  con- 
sidered as  being  concentrated,  are  a,  b,  c,  d,  and  e.  The  load 
at  a  is  the  portion  of  the  wind  pressure  or  the  weight  of  the 
roof  supported  by  one-half  of  the  portion  of  the  rafter 
member  between  a  and  b,  while  the  load  on  the  joint  b 
would  be  the  wind  pressure,  or  the  weight  of  the  roofing 
material  supported  by  one-half  of  the  rafter  member,  or  one- 
half  ot  ab  and  b  c.  The  load  at  the  apex  of  the  roof  is  equal 
to  the  weight  on  one-half  that  portion  of  the  truss  included 
between  b  c  and  c  d. 

The  principal  difficulty  in  determining  the  polygon  of  exter- 
nal forces  is  to  find  the  amount  of  the  reactions,  or  the  forces 
opposed  to  the  loads,  in  order  to  create  equilibrium  in  the 
Structure.     When  the  frame  or  truss  is  symmetrical  and  the 


line  of  action  of  the  reactions  is  parallel  with  the  direction 
of  the  loads,  the  reactions  are  obtained  by  inspection,  for 
they  are  each  equal  to  one-half  the  sum  of  the  loads  on 
the  truss  or  frame.  Should  the  truss  or  frame,  however,  be 
unsymmetrically  loaded  or  should  the  reactions  be  other  than 
parallel  with  the  line  of  action  of  the  loads,  their  direction 
must  be  assumed  and  their  amounts  determined  by  cal- 
culation, or  both  their  amounts  and  direction  may  usually 
be  found  by  the  graphical  method. 


DETERMINING    THE    REACTIONS    BY    CALCULATION 

31.  The  method  of  determining,  by  calculation,  the 
reactions  for  any  framed  structure  involves  the  principle  of 
moments.  If  the  frame  will  always  be  regarded  as  a  solid 
section   or  body  acted  on  by  external  forces,  in  this  way 
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eliminating  the  internal  members  or  stresses,  little  difficulty 
will  be  experienced  in  determining  the  method  of  procedure 
for  finding  the  reactions. 

In  Fig.  31  (a),  {b),  and  {c)  is  shown  a  type  of  simple  roof 
truss  loaded  in  several  different  ways.  In  each  instance,  to 
determine  the  reactions  by  calculation,  it  is  first  necessary  to 
evolve  the  formula  and  then,  deciding  on  certain  values, 
make  the  necessary  calculations. 

In  (a)  is  shown  a  truss  unsymmetrically  loaded,  that  is,  cor- 
responding loads  each  side  of  the  center  line  are  not  of  the  same 
amount,  so  that  the  reactions  will  not  each  be  equal  to  one- 
half  of  the  total  load  on  the  truss,  though  from  the  fact  that  the 
reactions  coincide  with  the  direction  of  the  loads,  it  is  known 
that  the  sum  of  the  reactions  is  equal  to  the  sum  of  the  loads. 

In  order  to  determine  the  reaction  R,,  the  truss  is  consid- 
ered as  being  hinged  at  the  point  c  and  the  algebraic  sum  of 
the  moments  of  all  the  external  forces  about  this  point 
should  equal  zero,  or  the  sum  of  the  moments  of  the  loads 
equals  the  moment  of  the  reaction  R,,  the  latter  moment 
being  the  product  of  i?„  and  the  length  5'.  If  the  sum  of  the 
moments  due  to  the  loads  is  divided  by  the  lever  arm  of  R^,, 
the  amount  of  R^  will  be  determined.  If  the  loads  on  this 
truss  are  represented  by  w^,  w,,  w,,  etc.,  and  their  respect- 
ive lever  arms  about  the  point  c  designated  by  x,,  x„  etc., 
the  algebraic  sum  of  the  moments  about  the  point  c  will 
equal  ■w,x,  +  w^x^,  etc.;  and  since  the  lever  arm  of  R,  is 
equal  to  the  span  of  the  truss,  or  5",  the  amount  of  R,  may 
be  determined  by  the  expression 

^=   =   ^^ (1) 

As  the  load  w.  is  coincident  with  the  reaction  R^,  its 
moment  is  zero  and  is  therefore  not  included  in  the  formula. 

For  example,  assume  that  the  span  of  the  truss  is  equal  to 
40  feet  and  that  the  distances  x,,  x^,  x„  x,  are  equal,  respect- 
ively, to  10,  20,  30,  and  40  feet;  w,  equals  1,000  pounds;  w, 
equals  2,000  pounds;  w,  equals  2,500  pounds;  w,  equals 
800  pounds;  w^  equals  600  pounds. 
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Since  the  calculation  for  moments  can  best  be  systematic- 
ally arranged  by  tabulation,  the  sum  of  the  moments  of  the 
loads  will  be  expressed  as  follows: 

w,x.  =  2,000  lb.  X  10  ft.  =    2  0000  ft.-lb. 

w,x,  =  2,500  lb.  X  20  ft.  =    5  0  000  ft.-lb. 

w.x.  =      800  lb.  X  30  ft.  =    2  4  000  ft.-lb. 

w,  X,  =      600  lb.  X  40  ft.  =    2  4  0  00  ft.-lb. 


Total  moment  about  c  =118000  ft.-lb. 

The  moment  of  J?,  about  the  point  c  must  equal  the  sum 
of  the  moments  of  the  loads,  and  hence  the  reaction  J?,  equals 
118,000  -f-  40,  or  2,950  pounds.  The  sum  of  the  reactions 
must  equal  the  sum  of  the  loads,  and  since  the  sum  of  the 
loads  equals  6,900,  the  amount  of  Ji,  will  equal  6,900  -  2,950, 
or  3,950  pounds. 

The  polygon  of  external  forces,  as  designated  at  (a,),  may 
now  be  laid  out,  and  because  all  the  external  forces  on  the 
truss  are  coincident  in  direction,  the  force  polygon  will 
extend  in  a  straight  line.  This  polygon  will  be  laid  out  from 
a  to  b,  from  b  to  c,  from  c  to  d,  from  d  to  e,  from  e  to  /,  and 
back  from  /,  locating  the  points',  by  scale,  at  a  distance  from  / 
equal  to  the  reaction  J?„  or  2,950  pounds,  as  determined 
by  the  calculation.  If  the  polygon  of  the  external  forces 
has  been  accurately  laid  out,  the  distance  z  a  will,  on  sca- 
ling, be  found  to  equal  the  reaction  R^,  or,  as  determined, 
8,950  pounds. 

32.  In  Fig.  31  {b)  is  shown  the  frame  diagram  of  a  roof 
truss  sustaining  on  the  left-hand  rafter  member,  at  the  several 
panel  points,  the  wind  loads  /*,,  A,  and  A.  It  is  considered  that 
the  roof  ti'uss  is  securely  fixed  to  a  wall  or  other  support  at 
both  ends,  and  under  such  conditions  the  reactions  coincide 
with  the  direction  of  the  normal  wind  loads.  Since  this  is 
similar  to  the  preceding  case,  the  sum  of  the  reactions  is 
equal  to  the  sum  of  the  loads,  but  the  reactions,  by  inspec- 
tion, are  evidently  not  equal  to  each  other. 

The  amount  of  R^  may  be  determined  by  considering  the 
moments  of  the  external  forces  with  the  point  c  as  the  center 
of  moments.     The  lever  arms  of  the  loads  P,,  /",  are  not,  as 
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before,  horizontal,  but  being  at  right  angles  with  the  line  of 
action  of  the  wind  pressure,  which  is  normal  to  the  slope, 
they  are  parallel  with  the  rafter  member  or  slope.  The 
reaction  R^  does  not  act,  in  this  instance,  with  a  leverage 
equal  to  the  span  of  the  truss,  but  exerts  its  force  through  a 
lever  arm  at  right  angles  to  its  action,  as  represented  by 
Si,  and  this  distance  may  be  obtained  by  extending  the 
line  of  action  of  R^  and  scaling,  or  it  may  be  calculated. 
The  distance  ^i  is  always  equal  to  the  span  of  the  truss 
divided  by   the   secant  of  the  angle  x;   or  expressed  alge- 

braically,  where  5  =  the  span  of  the  truss,  Si  =  .     In 

sec  ;*: 

case  a  secant  table  is  not  at  hand,  5,  can  also  be  found  by 

means  of  the  cosine  of  the  angle  x,  as  follows:  5,  =  5  cos  x. 

The  equation  for  determining  the  reaction  R,  of   the  roof 

truss  shown  m  (b)  may  then  be  expressed  by  the  formula 


R. 
which  is  the  same  as 

R.  = 


(v°g x~  +  -Pa ^J  sec  X 
S 


R.  =  ^-^-f+-^:^  (2) 

S  cos,x 

To  apply  this  information  it  will  be  assumed  that  it  is 
desirable  to  obtain  the  amount  of  R-,  when  P,  =  2,000  and 
P,  =  1,000  pounds,  the  distances  x,  and  .t-»  being  equal, 
respectively,  to  11.43  and  22.86  feet.  The  angle  x  is,  approx- 
imately, 29°;  then  S,  equals  the  secant  of  29°,  or  1.14335 
divided  into  the  span,  or  40  feet,  which  gives  84.98  feet. 
When  this  value  has  been  obtained,  the  calculation  for  the 
reaction  R,  will  be  as  follows: 

Positive  moments  of  wind  pressure  about  the  point  c  are: 
P,x,  =  2,000  lb.  X  11.43  ft.  =  228  60  ft.-lb. 
P,x,  =  1,000  lb.  X  22.86  ft.  =  22860  ft.-lb. 
Total  moment  due  to  wind  pressure  =  4  5  7  2  0  ft.-lb. 

This  moment,  in  order  that  the  frame  may  be  held  in 
equilibrium,  must  be  equal  to  the  moment  of  R,  about  the 
point  c,  and  by  dividing  the  amount  just  obtained  by  S„  R.  is 
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found  to  be  equal  to  45,720  -=-  34.98,  or  1,307  pounds.  The 
amount  of  Ri.  is  found  by  deducting  the  amount  of  R,  from 
the  sum  of  the  loads;  therefore,  if  P^  equals  1,000  pounds,  R^ 
equals  4,000  -  1,307,  or  2,693  pounds. 

The  stress  diagram,  or  polygon  of  external  forces,  for  the 
frame  shown  in  {b)  is  designated  in  (6i).  The  load  line  in 
this  instance  is  oblique,  since  it  must  coincide  with  the  direc- 
tion of  the  external  forces,  and  when  the  forces  ab,  be,  and 
cd  have  been  laid  off  and  the  amount  of  the  calculated 
reaction  R^  measured  from  d,  thus  locating  the  point  z,  the 
length  measured  from  8  to  a,  by  scale,  will  check  the  calcu- 
lations, if  it  equals  i?,.  Having  in  this  manner  located  the 
point  z,  the  polygon  of  external  forces  will  extend  from  a  to  b, 
from  b  to  c,  from  c  to  d,  from  d  back  to  s,  and  from  z  to  the 
starting  point,  thus  completing  the  figure. 

33.  The  frame  shown  in  Fig.  31  {c)  is  loaded  with 
several  oblique  panel  loads  caused  by  the  wind  pressure;  the 
moments  of  these  loads  about  the  point  c  are  determined  in 
the  same  manner  as  were  the  moments  of  the  loads  shown 
in  (b).  In  this  instance,  however,  the  truss  is  considered  as 
being  supported  on  a  roller  bearing  at  the  right-hand  end  in 
order  to  allow  lateral  play  for  the  contraction  and  expansion  of 
the  metallic  frame.  This  bearing  is  regarded  as  frictionless, 
so  that  there  is  no  horizontal  resistance  whatever,  in  con- 
sequence of  which  condition  the  reaction  R^,  under  a  roller 
bearing  is  always  considered  as  vertical  in  direction.  Hence, 
the  problem  resolves  itself  into  the  determination  of  the 
amount  of  this  reaction  R,.  The  sum  of  the  moments  due  to 
the  several  wind  loads  on  the  rafter  members  is  the  same  as 
for  the  frame  in  {b)  and  is  equal  to  P:,x,  +  P,x,.  The  lever- 
age of  R„  since  it  acts  vertically  about  the  point  c,  is  equal 
to  the  span  of  the  truss,  so  that  the  amount  of  the  reaction 
R-,  is  determined  from  the  formula 

D      ^    J    a  X,  ■\-  P,  Xj  /ov 

For  example,  assume  that  P,  and  P,  equal,  respectively, 
2,000  and   1,000  pounds,  while  x,  and  x,  equal  11.43  and 
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22.86  feet;  the  span,  as  before,  being  equal  to  40  feet,  then 

P        2,000  X  11.43  +  1,000  X  22.86        .  ,  .„ 

^^  =  27r~ =  1,148  pounds 

The  other  reaction,  or  R„  is  not  vertical,  because  the  truss 
is  fixed  at  the  end,  and  in  consequence  the  actual  sum  of  the 
reactions  is  not  equal  to  the  sum  of  the  loads. 

It  is  kno\yn,  however,  that  for  an;^  frame  to  be  in  equi- 
librium, the  algebraic  sum  of  the  vertical  and  horizontal  com- 
ponents of  all  the  forces  acting  on  that  frame  must  equal 
zero.  The  reaction  R,  is  vertical,  and  consequently  has  no 
horizontal  component.  It  is  evident,  therefore,  that  the 
reaction  i?,  must  have  a  horizontal  component  equal  to  the 
horizontal  components  of  all  the  loads,  in  order  that  the 
algebraic  sum  of  the  horizontal  components  of  all  the  loads 
acting  on  the  truss  may  be  equal  to  zero.  Each  of  the  wind 
loads  /'„  P,,  and  P,  may  be  regarded  as  one  side  of  a  triangle 
in  which  its  components  constitute  the  remaining  sides. 
Knowing  that  the  angle  x^  is  equal  to  the  angle  x,  the  value 
of  either  of  the  components  may  be  found  by  means  of  one 
of  the  trigonometric  functions.  Thus,  the  horizontal  com- 
ponent is  equal  to  P  sin  x^,  and  the  sum  of  the  horizontal 
components  of  the  three  oblique  forces  on  the  rafter 
member  will  equal  {P,  +  /"=  +  P,)  sin;c,.  The  sine  of  29°  is 
equal  to  .48481,  and  the  sum  of  the  loads  A,  P„  and  P, 
is  equal  to  4,000  pounds,  so  that  the  sum  of  the  horizontal 
components  of  the  oblique  forces,  or  H,  equals  4,000 
X  .48481,  or  1,939  pounds. 

Having  in  this  manner  obtained  the  horizontal  component 
that  Rt  must  possess  in  order  to  equal  the  horizontal  com- 
ponents of  the  loads,  it  is  necessary  in  a  similar  manner  to 
determine  the  vertical  component  of  i?,.  Since  R^  acts 
vertically,  its  amount  must  be  subtracted  from  the  sum  of 
the  vertical  components  of  the  oblique  forces-  A,  P,,  and  /",. 
Trigonometrically,  the  sum  of  the  .vertical  components  of 
the  pressures  equals  {P,  +  P,  +  P.)  cos  x„  or  substituting 
the  values,  the  vertical  component  V  =  4,000  X  .87462, 
or  3,498  pounds.  From  this  must  be  deducted  the  entire 
amount  of  R„  and  when  this  is  done  there  remains  for  a 
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vertical  component  of  i?,  an  amount  equal  to  3,498  —  1,143 
=  2,355  pounds. 

It  is  now  evident  that  since  both  the  vertical  and  horizontal 
components  of  Ri  have  been  obtained,  the  amount  and  direc- 
tion of  R^  may  be  found. 

The  amount  of  Ri  may  be  found  by  considering  the  vertical 
and  horizontal  components  as  the  two  sides  of  a  right 
triangle  and  calculating  the  hypotenuse  by  the  rule  of 
Pythagoras,  that  is,  by  taking  the  square  root  of  the  sum 
of  the  squares  of  the  vertical  and  horizontal  components. 
Employing  this  method,  R,  =  V2,355'  +  1,939%  or  3,050.  The 
direction  of  this  reaction  is  still  to  be  determined.  The 
angle  J/  that  it  makes  with  the  vertical  may  be  found  by  either 

of    the    following   trigonometric    functions:     secant  y  =  ^^ 

3,050  .  V       2,365      r     ,,        , 

=  ^^.   or  cosme  y  =  —  =  -=— -.     In  the   absence  of  a 

secant  table,  the  latter,  formula  is  used.  It  will  be  found 
from  the  above  that  secant  y  equals  1.295,  and  cosine  y 
equals  .7721,  either  of  which  corresponds  to  an  -angle  of 
about  39°  30';  therefore,  the  reaction  R,  will  be  of  the  inten- 
sity calculated,  or  3,050  pounds,  and  will  extend  in  a  direc- 
tion to  the  right  of  the  vertical  at  an  angle  of  39°  30'. 

The  calculations  for  7?,  need  not  have  been  made,  for  both 
its  intensity  and  direction  could  be  obtained  graphically  in 
laying  out  the  polygon  of  external  forces.  Fig.  31  (t,) 
shows  the  polygon  of  external  forces  for  the  frame  shown 
in  (c) .  The  load  line  extends  from  a  to  6,  from  b  to  c,  from 
c  to  d,  and  then,  since  the  reaction  R^  is  the  vertical  distance 
from  d  to  the  point  z,  the  distance  from  rf  to  ^  is  made 
equal  to  the  amount  of  the  reaction  R^,  or  1,143  pounds. 
When  the  point  z  has  been  located,  the  amount  of  the  reaction 
Ri  and  its  direction  may  be  determined  by  a  line  connecting 
the  points  z  and  a.  If  this  line  in  the  particular  example 
that  has  been  considered  measures,  to  scale,  3,050  pounds 
and  extends  in  a  direction  of  39°  30'  with  the  vertical,  it  will 
coincide  with  the  values  obtained  by  the  calculation  and  will 
check  the  diagram.     The  polygon  of  external  forces  in  this 
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case  will  then  extend  from  a  to  b,  from  b  to  c,  from  c  to  d, 
from  d  vertically  to  the  point  z,  and  from  z  back  to  the 
startingf  point  of  the  polygon  or  a. 


GRAPHICAL,    METHOD    OF    OBTAINING    THE    REACTIONS 

34.  The  reaction  of  a  system  of  forces  acting  on 
a  framed  structure  may  be  entirely  determined  by  the 
graphical  method.  It  is  assumed  that  the  roof  truss  shown 
in  Fig.  32  {a)  is  loaded  with  the  vertical  loads  AB,  B  C,  etc. 
at    each  panel    point  and  that  it    is  desired  to   obtain   the 


^rce  fo/(/yon 


Fig.  32 


amount  of  the  reactions  R,  and  R,.  If  the  loads  had  been 
symmetrical  in  amount  on  each  side  of  the  truss,  these  reac- 
tions would  have  been  equal  and  would  have  corresponded  in 
amount  with  one-half  the  load  on  the  truss.  It  will  be  noted, 
however,  that  the  right-hand  half  of  the  truss  is  more  heavily 
loaded  than  the  left-hand  portion,  and  therefore  the  reactions 
will  not  be  equal.  Before  the  stress  diagram  can  be  drawn, 
the  unknown  external  forces  R.  and  R,  must  be  obtained  in 
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order  that  the  location  of  the  point  b  in  the  stress  diagfram 
may  be  determined.  These  reactions  can  be  calculated  by  the 
principles  of  moments  explained  in  Art.  31,  or  they  can  be 
determined  by  the  graphical  method.  This  method  consists 
in  drawing  the  force  polygon  (^),  and  from  this  constructing 
the  equilibrium,  or  funicular,  polygon  {c). 

In  laying  out  the  force  polygon,  lay  off  the  load  line 
designated  from  a  to  /.  While  it  is  more  systematic  to  lay 
off  the  loads  on  this  line  in  the  order  in  which  they  occur 
around  the  truss,  it  is  not  necessary  that  this  procedure  should 
be  followed,  for  these  loads  may  be  laid  off  in  any  con- 
venient succession.  Each  portion,  however,  of  the  load  line 
must  truly  represent,  to  scale,  the  amount  of  the  force  that 
it  designates  and  its  direction.  Any  point  or  pole  o  is 
selected  and  lines  are  drawn  from  it  to  the  several  divisions 
on  the  load  line.  The  figure  will  then  appear  as  shown, 
with  the  exception  that  the  line  o  z  has  not  as  yet  been  deter- 
mined, for  the  direction  of  this  line  is  what  is  required  in 
order  to  find  the  amount  of  the  reactions  R^  and  R^.  Having 
completed  the  force  polygon  (i5),  proceed  with  the  equilib- 
rium polygon  (f).  In  drawing  this  polygon,  first  extend 
the  line  of  action  of  all  the  forces  acting  on  the  frame,  as 
shown  by  the  dotted  lines,  and  commence  the  diagram  at  the 
left-hand  end  by  drawing  the  line  1  parallel  with  bom.  the 
force  polygon  and  from  the  intersection  of  the  line  1  with 
the  line  of  action  of  the  force  B  C  draw  line  2  parallel  with 
CO  in  the  force  polygon;  and  where  this  line  intersects  the 
line  of  action  of  CD  draw  the  line  3  parallel  with  do. 
Likewise,  from  the  intersection  of  3  with  the  line  of  action 
of  D  E,  draw  4  parallel  with  eo  va.  the  force  polygon.  This 
latter  line  will  intersect  the  line  of  a!ction  of  R^,  and  from  this 
intersection  A  draw  /,  o.,  in  the  same  direction  as  <?  /  in  the 
force  polygon,  while  from  «i,  the  left-hand  end  of  the  equilib- 
rium polygon,  extend  the  line  a^o^  parallel  with  a  o  in  the 
force  polygon.  Connect  the  points  /,  and  a^  in  the  equilib- 
rium polygon  and  draw  from  a  in  the  force  polygon  a  line 
parallel  with  /^  a,.  The  intersection  of  this  line  oz,  or  6 
in  the  force  polygon,  will  divide  the  vertical  load  line  into 
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tz  and  za,  which,  to  the  scale  to  which  the  force  polygon 
was  laid  out,  represent  the  reactions  /?,  and  R^,  respectively. 

In  the  equilibrium  polygon,  the  lines  i,  2,  5,  and  i  repre- 
sent the  form  that  a  cord  or  string  would  assume  if  it  sup- 
ported the  loads  B  C,  CD,  and  D  E  a.t  the  several  points 
where  it  changes  direction,  and  its  ends  were  attached  at 
ttx  and  /,.  In  order  that  the  system  might  be  in  equilibrium, 
the  cord  would  require  either  the  oblique  reactions  marked 
Pi  and  P^,  or  a  compression  member  exerting  a  com- 
pressive stress  as  represented  by  the  line  «./,,  and  the 
vertical  reactions  Rx  and  R,.  It  is  evident  from  this  that 
Pi  and/",,  or  their  equivalents,  the  forces  a,o,  and  /, (7i  in  the 
equilibrium  polygon,  are  the  resultants  of  two  sets  of  com- 
ponents Rr  and  f^ar,  and  R^  and  ^i/,,  respectively.  A  force 
designated  by  two  letters  should  be  read  in  the  direction  in 
which  the  force  acts;  that  is,  the  letter  toward  which  the  arrow 
representing  the  direction  of  the  force  points  should  be  read 
last.  In  this  instance,  Ai/,  represents  a  compressive  stress 
and  when  speaking  with  reference  to  the  point  a,,  the  force  is 
designated  as  /,  a.,  while  if  the  point  /,  is  being  considered, 
the  force  should  be  read  «,  /».  In  the  force  polygon,  a  o  corre- 
sponds with  the  force  A  in  the  equilibrium  polygon  and  of, 
with  A.  The  components  oi  ao  in  the  force  polygon  are  az 
and  zo,  while  the  components  of  the  force  fo  are  f  z  and  zo. 
By  measuring  fz  to  the  scale  to  which  the  load  line  was  laid 
out,  it  will  be  found  to  equal,  approximately,  3,300  pounds, 
while  z  a,  measured  with  the  same  scale,  equals  2,900  pounds. 

To  prove,  or  check,  the  diagrams,  the  moments  of  the 
several  external  forces  may  be  calculated  about  the  point  of 
application  of  either  R,  or  i?,.  Considering  the  loads  on 
the  roof  truss  as  giving  positive  moments  about  c^,  their  sum 
is  obtained  by  the  following  calculation: 

Moment  oi  A  B  =      800  lb.  X    0  ft.  =     0  0  0  0  0  ft.-lb. 

Moment  oi  B  C  =  1,000  lb.  X  15  ft.  =     15  0  0  0  ft.-lb. 

Moment  of  CD  =  2,000  lb.  X  30  ft.  =     6  0  0  0  0  ft.-lb. 

Moment  oiDE  =  1,500  lb.  X  45  ft.  =     6  7  5  0  0  ft.-lb. 

Moment  oi  E  F  =      900  lb.  X  60  ft.  =     54000  ft.-lb. 
The  sum  of  moments  =  19  6  5  0  0  ft.-lb. 
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The  leverage  of  R,  about  f,  is  equal  to  60  feet,  and  conse- 
quently the  value  of  R,  is  found  by  dividing  the  sum  of  the 
positive  moments  by  this  distance;  by  the  calculation  it 
equals  3,275  pounds,  while  the  value  of  R^  is  the  dif- 
ference between  this  amount  and  the  sum  of  the  loads,  or 
2,925  pounds,  which  corresponds,  approximately,  with  the 
values  obtained  by  the  diagram,  thus  proving  the  correct- 
ness of  the  graphical  solution. 


£fui//i>r/um  fo/y^o. 


force  fb//^aft 


35.  In  Fig.  33  {a)  is  shown  a  similar  roof  truss  of  the 
same  dimensions,  but  supporting  a  wind  load  only  on  its  left- 
hand  portion.  These  wind  stresses  act  parallel  with  each 
other  and  normal  to  the  slope  of  the  roof,  so  that  if  the  truss 
is  fixed  at  the  ends,  the  reactions  R^  and  R^  will  coincide 
in  direction  with  these  forces. 

To  determine  the  amount  of  the  wind  reactions  ^i  and  R,^ 
construct  the  force  polygon  {b) .  Lay  off  the  load  line  from 
a  to  d  and  represent  to  the  proper  scale  the  forces  a  6,  be, 
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and  c  d,  which  correspond  with  the  wind  loads  AB,  BC,  and 
CD.  Connect  any  point  or  pole  o  with  the  several  divisions 
on  the  load  line,  thus  obtaining  the  oblique  lines  ao,  bo,  co, 
and  do.  Commence  the  equilibrium  polygon  {c)  at  any  point 
on  the  left-hand  wind  reaction,  as  a,,  and  draw  line  1  par- 
allel with  bo,  line  2  parallel  with  co,  and  line  3  parallel  with 
do,  this  last  line  intersecting-  the  reaction  R^  at  the  point  d,; 
fli  <7i  is  drawn  parallel  with  a  o  and  line  5  is  extended  until 
it  intersects  ai  o,  at  the  point  o,.  By  connecting  the  points  d^ 
and  a,  in  the  equilibrium  polygon  and  drawing  in  the  force 
polygon,  from  o,  a  line  parallel  with  the  line  just  described, 
the  point  z  is  located  and  the  reaction  R,  is  found  by  meas- 
uring dz,  while  the  amount  of  R,  is  known  by  scaling  za. 

It  will  be  noticed  in  drawing  this  diagram  that  the  lines 
1,  2,  and  3  were  drawn  between  the  lines  of  action  of  the 
forces  A  B,B  C,  and  CD,  and  that  the  force  3  coincides  with 
the  reaction  component  d^o^.  The  reason  that  the  last 
force  2  does  not  close  on  the  line  of  action  of  the  reac- 
tion R^  is  because  there  is  no  force  on  the  right-hand 
portion  of  the  truss.  If  there  had  been  a  force  corresponding 
with  A  B,  the  reaction  component  d^  o^  would  have  been 
distinct  from  the  force  3  and  the  diagram  to  the  right  would 
have  been  similar  to  the  portion  at  the  left.  On  being 
measured,  dz  and  za  are  found  to  equal,  respectively,  1,350 
and  2,650  pounds. 

36.  In  Fig.  34  is  shown  the  method  just  described 
applied  to  a  roof  truss  supporting  both  the  vertical  dead 
and  snow  loads,  and  the  oblique  loads  due  to  the  wind  on 
th€  left-hand  portion  of  the  truss.  The  truss  is  considered 
fixed  at  the  ends,  but  neither  the  amount  nor  the  direction 
of  the  reactions  R^  and  R^  is  known,  so  that  these  must  be 
determined  by  the  graphical  method.  As  in  the  previous 
cases,  the  force  polygon  is  laid  out  as  shown  at  {b) .  Com- 
mence this  diagram  by  laying  off  the  load  line,  which  extends 
from  a  to  k.  In  designating  the  several  forces  making  up 
this  line,  they  were  for  convenience  taken  in  sequence,  that 
is,  in  the  order  in  which  they  occur  around  the  truss.     For 
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instance,  in  the  force  polygon  ab  represents  A  B  m  the 
frame  diagramj  b  c,  the  oblique  wind  force  B  C;  c  d,  the  verti- 
cal load  CD;  de,  the  oblique  wind  loadZ>£';  etc.  Since  the 
forces  in  the  load  line  are  not  coincident  with  regard  to 
direction,  their  resultant  will  not  lie  along  the  load  line,  but 


Fig.  34 

will  extend  from  a  to  k.  This  line  will  represent,  by  scale, 
the  sum  of  the  reactions  R^  and  R,  and  its  direction  coincides 
with  the  direction  of  the  reactions.  It  is  then  in  order  to 
determine  what  percentage  of  the  length  of  this  line  will 
represent  R^  and  what  percentage  will  represent  R^;  to  do 
this,  the  equilibrium  'polygon  {c)  must  be  drawn. 
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Before  commencing  this  polygon,  connect  some  pole  or 
point  o,  in  the  force  polygon,  with  each  point  on  the  load 
line,  as  shown  by  the  oblique  lines  ao,  bo,co,do,eo,  etc.;  also, 
extend  the  line  of  action  of  each  of  the  forces  acting  on  the 
truss,  as  shown  by  the  dotted  lines.  Start  the  equilibrium 
polygon  from  any  point  a^  on  the  line  of  action  of  R^  by 
drawing  line  1  parallel  with  bo  in  the  force  polygon.  This  line 
should  be  drawn  until  it  intersects  the  line  of  action  of  B  C. 
The  line  2  is  drawn  from  this  intersection  in  a  direction 
parallel  with  com  the  force  polygon  and  of  such  a  length 
that  it  intersects  the  line  of  action  of  the  force  CD.  From 
this  intersection,  line  5  is  drawn  parallel  with  dam  the  force 
polygon  until  it  intersects  DE  extended.  From  this  inter- 
section, line  i  is  drawn  parallel  with  eo,  and  where  this  line 
intersects  the  force  E  F  extended,  line  5  is  drawn  parallel 
with  fo  intersecting  EG,  and  from  this  point  line  6  is  drawn 
parallel  mth.  go  intersecting  the  force  G//  extended.  Line  7 
is  drawn  from  this  intersection  parallel  with  oh,  and  from 
the  intersection  of  line  7  with  the  extended  force  HI,  line  8 
is  drawn  parallel  with  lo,  intersecting  //,  and  finally,  line  9 
is  drawn  in  a  direction  parallel  with  jo,  intersecting  the 
line  of  action  of  the  reaction  R^  at  the  point  k^.  From  this 
point,  line  10  is  drawn  parallel  with  ko  in  the  force  polygon 
and  intersecting  at  o,  line  11  drawn  from  a^  parallel  with  a  o 
in  the  force  polygon. 

37.  The  reactions  for  the  several  frames  described  in 
connection  with  Figs.  32j  33,  and  34,  can  be  found  from  the 
equilibrium  polygon.  In  each  case  a  line  yy  drawn  through 
the  point  o^  and  parallel  with  the  reactions  will  divide  the 
cord  connecting  the  points  on  the  two  reactions  into  two  such 
parts  as  to  inversely  represent  the  amount  of  the  reactions; 
for  instance,  in  the  equilibrium  polygon  in  Fig.  32,  the  line 
y  y  divides  the  line  «,  /,  into  two  such  parts  that  if  the  entire 
line  «i  /i  is  considered  as  representing  the  sum  of  the 
reactions  R^  and  R^,  yh  will  equal  R,  and  «,j/  will  equal  R^. 
Again,  in  the  equilibrium  polygon,  Fig.  33,  the  line  yy  drawn 
through  Ot  parallel  with  the  load  line  divides  the  line  «ifl?. 
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into  two  such  parts  that  the  portion  to  the  right  equals  the 
amount  of  the  reaction  7?,,  while  the  portion  to  the  left 
equals  the  amount  of  the  reaction  R^,  considering  that 
the   entire    length  of   the   line  represents  the    sum   of   the 


Fig.  35 

reactions.  Again,  in  Fig.  34,  the  line  yy  coincides  with 
the  direction  of  the  reactions  and  divides  a,  kt  into  such 
proportion  of  parts  that  y  k^  :  a^k^  =  R^  :  R^  +  R,,  and 
a,y:a^ki  =  R,  :  R,  +R,. 
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EXAMPLES    FOR    PRACTICE 

1.  Determine,  by  calculation,  the  amount  of  the  reactions  R^  and  jP, 
for  the  frame  shown  in  Fig.  35  [a).  r^    ^  5  ggn 

^"^•{^^  =  elooo 

2.  Calculate  the  amount  of  the  reactions  R,  and  J?,  of  the  frame 
shown  in  Fig.  35(6).  ,„     f.?,   =  5,432 

-^°s\y?,  =  2,568 

3.  Find  the  amount  of  R^,  by  calculation,  for  the  frame  in 
Fig.  35  (c) ,  and  determine  the  amount  and  direction  of  7?,  by  drawing 
the  polygon  of  external  forces.  The  right-hand  end  of  the  truss  is  on 
rollers,  and  the  left-hand  end  is  fixed.  f^^  =  4  5gg 

■^■^^•j/?^  =  lieoo 

4.  Determine,  by  the  graphical  method,  the  direction  and  the 
amount  of  the  reactions  for  a  frame  loaded  as  shown  in  Fig.  35  (d) . 

[R,  =  8,000 
Ans.-^y?,  =  9,500 

l Direction:   11°  with  vertical 

5.  Employ  the  graphical  method  in  determining  the  reactions  for 
the  scissor  truss,  shown  in  Fig.  35  (e),  when  loaded  with  vertical 
loads  and  oblique  forces  as  designated.      f  ^,  =  2  950 

Ans.jy?^  =  5^050 

[Direction:  26°  with  vertical 

6.  In  Fig.  35  (/)  is  shown  a  hammer-beam  roof  truss.  Find  the 
vertical  and  horizontal  components  of  the  resultant  reactions  at  both 
ends,  either  graphically  or  by  calculation.  r/f,  =  1,275 

Ans  ^^^  =  l'^^^ 
Ans.i  y^  ^  j^  525 

F.  =  2,150 


DETERMINATION    OF    INTERNAL    STRESSES 


METHOD    BY    SOLUTION    OF    JOINTS 

38.  Maxwell's  Method.  —  The  method  generally 
adopted  for  determining  the  internal  stresses  of  a  framed 
structure  is  known  as  Maxwell's  method.  After  the 
reactions  have  been  found,  either  analytically  or  graphically, 
the  force  polygon  for  each  joint  in  the  frame  is  found.  The 
assembled  polygons  of  forces,  which  are  laid  out  for  each 
joint,  form  the  stress  diagram,  which  it  is  usual  to  commence 
at  the  left-hand  end  of  the  frame  and  work  around  consecutive 
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joints.  It  is  not  always  possible,  however,  to  follow  this 
order,  for  often  the  joint  in  sequence  contains  more  than  two 
unknown  stresses,  in  which  case  it  becomes  necessary  to 
analyze  some  other  joint  in  the  frame  around  which  there  are 
only  two  unknown  forces.  In  working  around  the  frame,  it 
is  usual  to  begin  at  the  left-hand  end  of  the  truss  and  read 
off  and  lay  out  the  stresses  around  the  joint  in  the  same 
direction  as  the  movement  of  the  hands  of  a  watch.  It 
would  be  possible  to  work  around  each  joint  in  the  opposite 
direction,  that  is,  in  a  direction  opposite  to  the  movement 
of  the  hands  of  a  watch.  But  whatever  may  be  the 
direction  of  the  first  joint  analyzed  it  must  be  followed  in 
analyzing  the  others. 

In  order  that  this  important  method,  which  will  be  used 
extensively  in  the  application  of  graphical  statics  in  analy- 
zing the  internal  stresses  of  a  framed  structure  may  be. 
thoroughly  understood,  the  example  illustrated  in  Fig.  36  will 
be  assumed.  In  this  figure  is  shown  the  frame  and  vertical- 
load  stress  diagrams  for  a  quadrilateral  truss.  The  first 
procedure  in  the  analysis  of  any  frame  by  the  graphical 
method  is  to  determine  all  the  external  forces.  In  this 
instance  the  loads  are  given,  and  since  the  truss  is  symmet- 
rically loaded,  the  reactions  are  each  equal  to  one-half  of  the 
loads  on  the  truss,  so  that  R^  and  R^  are  each  equal  in  amount 
to  2,100  pounds,  and  are  designated,  respectively,  as  A  Z 
and  FZ,  when  the  notation  explained  in  Art.  29  is  employed. 
The  polygon  of  external  forces,  since  all  of  these  forces  are 
coincident  in  direction,  is  contained  within  a  straight  line, 
which  is  represented  in  the  stress  diagram,  from  a  to  /.  This 
load  line  is  determined  by  laying  off  the  force  a  b  equal  in 
amount  to  A B  in  the  frame  diagram;  likewise,  be  equal 
to  B  C;  and  following  around  the  truss  in  this  manner  until 
the  point  /  has  been  located.  When  /  has  been  determined, 
measure  upwards  on  the  load  line  an  amount  equal  to  R^,  or 
2,100  pounds  to  scale,  in  this  manner  locating  the  point  z,  so 
that  f  2  represents,  by  scale,  the  amount  of  the  reaction  R,. 
The  distance  from  s  to  a  should  then  measure,  by  scale,  an 
amount  equal  to  /?,.     The  polygo-n  of  external  forces  will  now 
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be  a  closed  figure  and  will  extend,  beginning  at  the  left-hand 
foot  of  the  truss  and  taking  the  forces  in  consecutive  order 
toward  the  right,  from  the  point  a  in  the  stress  diagram  to  b. 


B 


V         (a) 
frame  O/offra/rr 


3fress  /y/a^r'o/T? 
Scale  H'' 100  lb. 


Fig.  36 


from  b  to  c,  from  c  to  d,  from  d  to  e,  from  e  to  /,  and  from 
/  to  .^  upwards,  corresponding  with  the  direction  of  R„  and 
from  z  upwards  to  a,  likewise  corresponding  in  direction  to  R^, 
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the  last  line  thus  closing  the  polygon.  It  is  important  to 
remember  that  before  the  stress  diagram  can  be  attempted, 
the  polygon  of  external  forces  must  be  completed.  If  this 
polygon  is  incorrectly  drawn  or  does  not  close,  the  diagram 
cannot  be  correctly  laid  out. 

Having  determined  the  polygon  of  external  forces,  the 
joint  A  B  G  Z  in  the  frame  diagram  can  be  analyzed.  At 
this  joint  in  the  frame  there  are  only  too  unknown  stresses, 
B  G  and  G  Z.  The  known  stresses,  A  B  and  Z  A,  are  already 
laid  out  in  the  stress  diagram  and  are  correspondingly  let- 
tered. To  find  the  stresses  in  the  members  B  G  and  G  Z, 
draw  an  indefinite  line  from  the  point  b  in  the  stress  diagram 
parallel  with  B  G  \n  the  frame  diagram,  and  from  z  draw  a 
line  parallel  with  G  Z.  The  point  of  intersection  of  these  two 
lines  will  be  the  point  ^'  and  the  polygon  for  the  system  of 
forces  meeting  at  the  extreme  left-hand  joint  of  the  truss 
will  read,  in  the  stress  diagram,  from  a  to  b,  from  b  to  g,  from 
g  to  0,  and  from  z  back  to  a,  the  point  of  commencement. 

39.     Determination    of    tlie    Kind    of     Stress. — In 

drawing  the  stress  diagram  the  question  naturally  arises  as 
to  the  direction  in  which  these  lines  should  be  drawn,  since 
a  line  might  be  drawn  from  b  upwards,  as  shown  by  the 
dotted  line,  being  still  parallel  with  B  G  m  the  frame  dia- 
gram; and  in  like  manner  the  line  zg  might  be  drawn  in  a 
direction  from  z  toward  the  right  instead  of  toward  the 
left.  It  is  quite  evident,  however,  that  if  the  lines  were 
drawn  as  suggested  and  shown  dotted,  they  would  not  inter- 
sect and  the  polygon  for  the  system  of  forces  around  the 
left-hand  joint  of  the  frame  would  not  close.  It  is  clear, 
therefore,  that  the  lines  that  represent  the  stresses  in  the 
members  B  G  and  G  Z  can  be  drawn  only  in  one  direction 
and  the  direction  in  which  they  are  read  determines  the  kind 
of  stress  that  exists  in  the  member.  For  instance,  in  draw- 
ing the  polygon  for  the  stresses  around  the  joint  A  B  G  Z, 
the  force  ab  in  the  stress  diagram  is  downwards.  The  stress 
from  b  to  g\s  likewise  downwards  and  may  be  designated  by 
an  arrow  on  .ff  G  in  the  frame  diagram;  gz  is  to  the  right. 
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likewise  shown  by  the  arrow  on  this  member  in  the  frame 
diagram,  the  final  line  of  the  polygon  being  upwards  from 
z  to  a  and  thus  representing  the  amount  of  the  reaction  i?,. 
As  the  stresses  are  read,  their  direction  should  be  marked 
with  arrows  on  the  frame  diagram;  this  shows  the  direction 
of  the  stress  and  desig- 
nates whether  it  is  com- 
pression or  tension. 
Forces  acting  away  from 
a  joint  are  always  tensile 
stresses;  those  acting 
toward  a  joint  are  always 

compressive  stresses.  ^ 

If  there  is  tension  at  ^'°-  ^' 

one  end  of  a  member,  it  is  evident  there  must  be  an  equal 
amount  of  tension  at  the  other  end;  if  there  is  compression  at 
one  end  of  a  member,  there  is  an  equal  amount  at  the  other. 
An  easy  way  to  remember  whether  the  arrows  designate 
compression  or  tension  by  their  direction,  as  shown  on  the 
members  in  a  frame  diagram,  may  be  seen  by  referring  to 
Figs.  37  and  38.  The  member  B  Z,  Fig.  37,  is  a  tension 
member;  the  arrows  point  away  from  the  joints  and  toward 
each  other,  and  resemble  the  form  of  an  elastic  material, 
stretched,  as  shown  at  A,  Fig.  38;  while  in  the  compression 
member  B  D,  the  arrows  act  toward  the  joints,  or  away  from 

>—< each  other,  and  resemble 

==  the  fotm  that  a  plastic 
material  assumes  on 
being  compressed,  as 
shown  at  B,  Fig.  38. 


40.  Proceeding  with 
the  solution  of  the 
frame  diagram  shown  in 


Fig.  38 


Fig.  36,  the  joint  BCHG  may  next  be  analyzed.  Around 
this  joint  the  only  unknown  forces  are  the  stresses  in  the 
members  CH  and  H  G.  To  find  the  amount  of  these 
stresses,  draw  a  line  in  the  stress  diagram  from  the  point  c 
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parallel  with  C  H,  and  from  ^  draw  aline  upwards  parallel 
with  G  H;  the  point  of  intersection  will  be  h.  The  polygon 
of  forces  about  the  joint  under  consideration  will  then  extend 
in  the  stress  diagram  from  b  to  c,  from  c  to  h,  from  h  to  g, 
from  g  back  to  the  starting  point  b.  The  joint  CDJIH 
cannot  as  yet  be  analyzed,  for  there  are  three  unknown  forces 
represented  by  the  members  D  J,  J  I,  and  IH,  but  the  joint 
marked  GH I Z  can  be  analyzed,  for  the  only  unknown 
stresses  exist  in  the  members  HI  and  I Z.  To  analyze  this 
joint,  draw  from  the  point  /«,  already  determined,  an  indefinite 
line  parallel  with  H I  in  the  frame  diagram,  and  from  za.  line 
parallel  with  I Z,  intersecting  this  first  line  at  i;  thus,  the 
polygon  of  forces  around  the  joint  G  H I Z  is  complete  and 
extends  in  the  stress  diagram  from  g  to  h,  from  h  to  i,  from 
i  to  3,  and  from  z  back  to  g.  In  analyzing  this  last  joint,  the 
stress  in  the  member  k  i  was  determined,  so  that  there  now 
exist  only  two  unknown  forces  at  the  joint  CDJIH.  By 
analyzing  this  joint,  the  polygon  of  external  forces  will 
be  found  to  extend  in  the  stress  diagram  from  c  to  d, 
from  d  to  /,  from  j  to  i,  from  i  to  A,  and  from  h  back 
to  the  point  c,  and  it  will  be  found  that  the  stress  diagram 
will  begin  to  repeat  on  the  lower  side  of  the  line  z  i.  If 
the  frame  diagram  is  further  analyzed,  it  will  be  found 
that  the  stress  diagram  is  balanced  on  the  line  zi  and  is 
symmetrical  about  this  axis,  showing  that  the  truss  is  sym- 
metrically loaded.  Since  this  is  the  case,  only  one-half  of 
the  stress  diagram  need  be  drawn,  for  the  stresses  in  the 
members  on  each  side  of  the  center  line  of  the  frame  diagram 
marked  yy  are  the  same,  owing  to  the  fact  that  the  truss  is 
symmetrically  loaded. 

The  stresses  in  the  several  members  may  now  be  determined 
by  measuring  their  respective  lines  in  the  stress  diagram,  and 
a  tabulation  of  these  stresses  will  give  a  convenient  table  for 
designing  the  several  members  to  sustain  tensile  and  com- 
pressive stresses. 
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GRAPHICAL,    STATICS    BY    THE    METHOD    OF    SECTIONS 

41.     Another  method  of  drawing  the  stress  diagrams  for 
any  framed  structure  is  by  the  method  of  sections,  and 
while  it  differs  somewhat  from  the  method  just  explained, 
the  results  are  the  same.     In  general,  this  method  consists 
of  passing  a  plane  through  any  section  of  the  frame  in  such 
a  manner  that  it  will  intersect  only  two  members  in  which 
the  forces  are  unknown,  these  two  unknown  stresses  being 
obtained  by  completing  the  polygon  of  forces  necessary  to 
produee  equilibrium  in  that  portion  of  the  frame  lying  to  one  • 
side  or  the  other  of  the  plane.     Since  the  method  is  more 
readily  explained  by  an  application   of  its  principles  to  an 
example,  the  frame  diagram  of  a  quadrangular  truss,  shown 
in  Fig.  39,-  will  be  analyzed.     It  is  necessary  to  lay  oflE  the 
load  line  in  the  same  manner  as  in  the  analysis  of  the  joints 
of  the  frame  by  considering  the  forces  about  the  joints.     The 
load  line   for   the   frame   diagram,   Fig.  39,  will  then  be  a 
vertical  line  extending  from  a  to  b,  b  to  c,  etc.,  from  /  back 
to  2,  giving  the  reaction  J?„  and  from  z  to  the  point  a,  the 
length   of    the   latter  line   being  equal   to   the   reaction  Ji^. 
Commencing  at  the  left-hand  joint  of  the  frame  diagram, 
pass  a  plane  through  the  frame,  cutting  the  several  members 
along  the  line  a  b.     The  portion  of  the  frame  to  the  left  of 
this  plane   is  held   in   equilibrium  by  the  reaction  i?,,   the 
force  A  B,  and  the   stresses  in  the  members  ^  G  and  G  Z, 
the  only  two  unknown  forces  about  the  joint  consisting  of  the 
latter.     These  four  forces  form  a  system  that  acts  on  the  por- 
tion of  the.truss  to  the  left  of  the  line  ab,  as  is  shown  in  {a). 
The  direction  of  the  unknown  forces  being  known,  they  may 
be  drawn  in  the  stress  diagram  as  shown,  and  their  point  of 
intersection  will  be  g.     Another  plane  is  now  passed  through 
the  frame,  cutting  the  members  along  the  line  erf  and  the 
left-hand  portion  of  the  truss  is  held  in  equilibrium  by  the 
reaction  i?„  the  loads  AB  and  B  C,  and  the  stresses  CH, 
HG    GZ.     The  portion   of  the   frame  held  in  equilibrium 
by  these  forces  to  the  left  of  the  line  erf  is  shown  in(^). 
The  only  two  unknown  forces  acting  on  the  left-hand  portion 
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of  the  frame  are  Cff  and  H  G,  for  all  the  other  forces  have 
been  shown  in  the  stress  diagram.  To  find  these  forces, 
then,  and  close  the  polygon  for  this  portion  of  the  frame,  all 


Fio.  39 


that  it  is  necessary  to  do  is  to  draw  the  lines  ch  and  hg  in 
the  stress  diagram,  thus  locating  the  point  h.  Again,  assume 
that  a  plane  is  passed  through  the  frame  along  the  line  ei\ 
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the  left-hand  portion  of  the  frame  will  be  held  in  equilibrium 
by  the  forces  shown  in  (c),  which  are  the  reaction  R„  the 
load  AB,  and  the  stresses  in  the  members  B  G,  Gil,  HI, 
and  I Z.  The  two  unknown  stresses  are  HI  and  I Z,  and 
their  amounts  are  determined  when  the  lines  h  i  and  iz  have 
been  drawn  in  the  stress  diagram,  and  the  polygon  of  forces 
for  the  left-hand  portion  of  the  truss  has  been  completed. 
A  separate  line  has  been  used  in  the  stress  diagram  to 
represent  the  polygon  of  forces  in  each  case,  in  order  that 
the  solution  of  each  section  may  be  clear. 

This  system  can  be  continued  throughout  the  truss,  and  it 
will  be  found  on  comparison  of  the  frame  diagram  with 
the  stress  diagram,  that  any  plane,  such  as  gh,  will  cut  the 
truss  in  such  a  manner  that  each  portion  will  be  in  equilibrium; 
and  that  when  the  stress  diagram  has  been  entirely  completed 
the  polygon  will  close  for  either  portion  of  the  frame  diagram 
cut  by  the  plane.  This  system  of  graphical  statics  is  pre- 
ferred by  many,  but  the  other  is  generally  practiced. 


GRAPHICAL  ANALYSIS  OF 
STRESSES 

(PART  2) 


DIAGRAMS   FOE   SIMPLE   FRAMES 

1.  The  principles  stated  in  Graphical  Analysis  of  Stresses, 
Part  1,  may  be  used  to  analyze  the  stresses  in  any  framed 
structure  and  will  be  applied  in  this  Section  principally 
to  the  determination  of  stresses  in  the  members  of  roof 
trusses.  An  effort  will  be  made  to  include  in  the  applica- 
tions all  the  principal  types  of  trusses,  and  when  special 
features  of  the  solution  are  introduced  they  will  be  explained 
so  that  they  may  be  used  advantageously  elsewhere  than  in 
the  particular  type  under  discussion. 

2.  In  Fig.  1  is  shown  a  simple  frame,  in  which  the  com- 
pression member  B  D  and  the  tension  members  ADanADC 
form  a  triangular  structure  that  supports  the  downward  pull 
of  1,000  pounds;  the  triangular  frame  is  supported,  in  turn, 
by  the  reactions  A  B,  B  C.  The  problem  consists  in  drawing 
the  stress  diagram  to  determine  the  stress  in  the  various 
members. 

With  a  scale  of  40  pounds  to  -iw  inch,  draw  the  vertical 
line  c  a,  in  the  stress  diagram,  equal  to  1,000  pounds.  This 
line  represents  the  force  CA  in  the  frame  diagram.  Working 
around  the  joint  A  D  C  in  the  direction  of  the  dotted  arrow, 
the  first  member  encountered  is  A  D\  hence,  from  a  in  the 
stress  diagram,  draw  a  line  parallel  to  ^Z?  in  the  frame 
diagram.  D  C  being  the  next  member  met,  from  c  in  the 
stress    diagram    draw    a    line    parallel  to  it.      The  point  of 

For  notice  of  copyrieht,  see  tase  immldiately  following  the  title  page 
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intersection  of  these  two  lines  is  d.  This  done,  go  around 
the  joint  again,  to  see  that  none  of  the  members  have  been 
omitted,  and  also  to  get  the  direction  in  which  the  stresses 
act.     Starting  at  c  in  the  stress  diagram,  and  going  around 


Scale: JL  inj=4:0  lb. 
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Sfress  Diagram 
(h) 
Fig.  1 


the  joint  CA  D,  the  polygon  of  forces  is  from  t  to  a  to  d, 
and  from  d  back  to  c,  thus  arriving  at  the  point  from  which 
the  start  was  made.  The  next  joint  in  the  frame  diagram  is 
AB  D.     The  point  b  on  the  line  t  a  is  not  known,  but  may 
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be  determined  by  calculating  the  reactions  A  B  and  B  C  hy 
the  principles  of  moments.  The  load  of  1,000  pounds  is 
located  on  the  frame  6  feet  from  the  reaction  B  C.  The 
moment  about  CB  is  1,000  X  6  =  6,000  foot-pounds,  while 
the  reaction  at  A  B  equals  6,000  -=-  13  =  461  pounds.  Know- 
ing that  the  force  A  B  is  461  pounds  and  that  it  acts  upwards, 
the  point  i^  can  easily  be  located  by  measuring  from  a  on  the 
line  ac  in  the  stress  diagram;  then  the  line  dd  may  be 
drawn  and  if  found  parallel  to  the  member  B  D  in  the  frame 
diagram ,  the  stress  diagram  is  correct.  In  this  case,  however, 
it  is  not  necessary  to  calculate  the  reactions  A  B  and  B  C, 
for  the  point  d  having  been  already  determined  and  it 
being  known  that  the  line  db  must  be  parallel  to  DB,  all 
that  is  needed  is  to  draw  a  line  from  d  parallel  to  D  B,  and 
the  point  where  it  cuts  the  line  ca  is  b.  Having  drawn  the 
line  db,  go  around  the  joints  ABD  and  CDB,  marking 
the  direction  of  the  stress  by  the  arrowheads,  as  shown  in  the 
frame  diagram.  Around  the  joint  ABD  the  polygon  of 
forces  is  from  a  to  b,  from  b  to  d,  and  from  d  back  to  a. 
Working  around  the  joint  CDB,  the  polygon  of  forces  is 
from  c  to  d,  from  d  to  b,  and  from  b  back  to  c.  This  com- 
pletes the  stress  diagram;  the  amount  of  the  stress  in  the 
several  members  of  the  frame  diagram  is  found  by  measuring 
the  corresponding  lines  in  the  stress  diagrams. 

3.  Diagram  for  a  Small  Roof  Truss. — Fig.  2  is  the 
frame  diagram  for  a  small  roof  truss,  in  which  the  two  rafter 
members  EB  and  CE  are  connected  at  their  foot  by  the 
tension  member  E  Z;  the  loads  and  their  reactions  are  as 
shown  in  the  frame  diagram.  The  problem  is  to  determine 
the  stresses  in  the  several  members  composing  the  truss. 

Draw  the  vertical  line  a  d,  shown  in  the  stress  diagram, 
Fig.  2.  Lay  off  to  any  scale,  say,  400  pounds  to  to  inch,  the 
loads  ab,bc,  and  cd.  From  the  point  d,  the  reaction  dz  acts 
upwards,  with  a  force  of  8,000  pounds,  which  determines  the 
points.  Going  around  the  ]oinX.  A  B  EZ,  the  reaction  ZA 
acts  upwards  and  A  B  downwards.  Then,  from  the  point  b 
in  the  stress  diagram  draw  the  line  be  parallel  to  B E  in  the 
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frame  diagram,  -and  from  z  draw    the    line  ez  parallel    to 
the   member  E  Z  in   the    frame    diagram.       The   point    of 


Scale 


intersection  will  be  e.  Having 
gone  thus  far,  again  go  around 
the  joint,  to  get  the  direction  of 
the  stresses  in  the  members  and 
to  see  whether  the  polygon  of 
forces  is  correctly  drawn.  Go, 
for  instance,  from  zto  a  upwards; 
a  to  d  downwards;  then  from 
6  to  e,  and  from  e  back  to  z,  the 
starting  point.  The  next  joint 
in  the  frame  diagram  is  B  CE. 
The  force  be  being  already 
determined,  from  point  c  draw 
the  line  ce  parallel  to  CE  in 
the  frame  diagram;  this  line  will 
pass  through  the  point  e  if  the 
diagram  has  been  drawn  cor- 
rectly. The  polygon  of  forces  at  £"5  C  is  from  b  \.o  c  down-  - 
wards,  then  from  c  to  e,  and  back  from  e  to  b,  the  starting 
point.     The  next  joint  in  the  frame  diagram  is  E  C D  Z,  and 


Sfress  O/cyra/n 
Fig.  2 
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the  polygon  of  forces  in  the  stress  diagrarn  is  from  e  to  c, 
already  drawn,  from  c  to  d,  d  to  z,  and  back  to  e. 


The  stress  diagram  being  com- 
pleted, all  that  remains  is  to  meas- 
ure the  various  lines,  in  the  stress 
diagram,  that  represent  the  cor- 
responding members  in  the 
frame  diagram.     Thus,  eb  meas- 

ures  -Tj—  inches,  the   scale  being 

400  pounds  to  -h  inch;  the  stress  in 
this  member  is  7,000  pounds;  the 

10 
and  the  stress  in  the  member  ez  \s 
5,700  potmds.  Thus,  the  stress  in 
any  member  may  be  determined. 

4.    Diagram  for  a  Jib  Crane. 

A  jib  crane,  proportioned  as  in 
Fig.  3,  has  a  load  of  30,000  pounds 
suspended  at  the  end  of  the  jib;  what  are  the  stresses  in  the 
guy  ropes,  and  in  the  different  members  of  the  jib,  and  what 
are  the  reactions  C^  and  Z?^? 


line  e  z  measures  about  - 


inches, 


Stress  /}/ag/rar/T7 
Seale^inr^OOO  lb. 

(b) 

Fig.  3 
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In  the  stress  diagram  draw  the  vertical  line  be  equal  to 
30,000  pounds,  and  from  the  point  c,  draw  the  line  ce  paral- 
lel to  C E  in  the  frame  diagfram.  Then  from  b  draw  the  line 
eb  parallel  to  ^^  in  the  frame  diagram.  Going  around  the 
joint  to  check  the  polygon  of  forces,  it  is  found  to  be  from 
c  to  e,  from  e  to  b,  and  from  b  back  to  c.  The  next  joint 
encountered  is  EDB.  Hence,  from  e,  draw  ed  upwards 
parallel  to  ED,  and  from  b  draw  db  parallel  to  D  B,  the  point 
where  these  two  lines  intersect  being  d.  The  polygon  of 
forces  about  the  joint  E  D  B  is  from  b  to  (?  to  d,  and  from  d 
back  to  b,  the  starting  point.  Next,  in  the  joint  CADE, 
continue  b  c  upwards  indefinitely ;  then  from  d  draw  a  d  par- 
allel to  A  D  in  the  frame  diagram;  where  the  lines  just 
drawn  intersect  will  be  the  point  a;  de  and  ec  have  already 
been  drawn.  The  remaining  joint  to  work  around  is  A  B  D. 
The  stress  diagram  shows  that  the  forces  around  this  joint 
have  already  been  determined,  and  the  stress  diagram  is 
complete. 

The  stresses  in  the  members  may  be  determined  by  meas- 
uring the  lines  corresponding  to  them  in  the  stress  diagram, 
with  the  scale  to  which  the  diagram  has  been  drawn. 

5.  Roof  Truss  Witti  a  40-Foot  Span.^Fig.  4  {a)  shows 
the  frame  diagram  for  a  roof -truss  having  a  40-foot  span. 
The  loads  are  as  shown,  the  compression  members  being 
indicated  by  heavy  lines,  and  the  tension  members  by  light 
lines;  required,  to  draw  the  stress  diagram  for  this  truss. 

First  draw  the  vertical  line  a  f,  as  shown  in  the  stress  dia- 
gram at  (b);  mark  the  point  a  and  lay  off  on  this  vertical 
line,  to  any  scale,  using,  in  this  case,  1,500  pounds  to  iV  inch, 
the  loads  ab,  be,  ed,  de,  and  ef,  corresponding  to  the  loads 
AB,  B  C,  CD,  D  E,  and  E  F  in  the  frame  diagram.  The 
truss  being  symmetrically  loaded,  the  loads  are  the  same,  in 
amotmt,  on  both  sides  of  the  center  line;  the  reactions 
y?.  and^j  are,  thereforei,  each  equal  to  one-half  the  load,  in  this 
case,  16,500  pounds.  Hence,  za  may  be  laid  off  on  the  ver- 
tical line,  and  as  /?,  equals  R„  za  must  equal  t z\  conse- 
quently, z  is  located  centrally  between  a  and  /,  or  between 
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c  and  d.  The  point  z  having  been  determined,  proceed  with 
the  diagram  by  going  around  the  ]om.\.ABGZ.  Draw  6 g- 
in  the  stress  diagram  parallel  to  ^  G  in  the  frame  diagram; 


then  from  z  draw  £-z  parallel 
to  G  Z,  the  point  where  the  two 
lines  intersect  being  g:  The 
next  joint  is  B  C H  G\  as  bc'va. 
the  stress  diagram  is  already 
known,  draw  c  h  parallel  to  CH 
and  hg  parallel  to  H  G.  Then 
the  polygon  of  forces  around 
this  joint  will  be  from  b  \.o  c 
to  h  to  g,  and  from  g  back  to  b. 
It  is  now  expedient  to  analyze 
the  joint  C  D I H;  in  the  stress 
diagram,  h  c  and  c  d  have  already 
been  obtained;  then,  from  d, 
draw  d  i  parallel  to  D  I,  and 
from  the  point  h,  already  known, 
draw  ill  parallel  to  I H.  The  polygon  of  forces  around  this 
joint  will  be  from  c  to  ^  to  i  to  h  to  c,  the  starting  point; 
arrowheads  on  the  members  in  the   frame  diagram  always 


stress  Diagram 
Scale  f,in.=  l&00  lb. 

(b) 

Fig.  4 
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mark  the  direction  in  which  the  stresses  act  in  the  stress 
diagram.  Of  the  forces  around  the  joint  GHIJZ,  sg,gh, 
and  h  z  have  been  obtained.  Then  from  the  point  z,  z'/is  drawn 
parallel  to  I  J;  and  from  z,  j  z,  parallel  to  J  Z;  the  point/ 
is  found  to  fall  on  the  pointy,  while  the  polygon  of  forces 
around  this  joint  is  from  ^^  to^  to  ;^  to  i  to  /,  and  from  j  back 
to  z,  the  starting  point.  Of  the  stresses  in  the  members 
around  the  joint  I D EJ,  j i,  id,  and  de  are  known;  then  from 
e  draw  f  7  parallel  to  E  J.  The  polygon  of.  forces  around  this 
joint  will  then  be  from  i  to  a?  to  ^  to  /,  and  from  /  back  to  i. 

The  only  remaining  joint  is  J E FZ.  The  stress  diagram 
shows  that  the  stresses  in  these  members  have  been  deter- 
mined, while  the  polygon  of  forces  around  this  joint  is  from 
/  to  if  to  /  to  z,  and  back  from  z  to  /. 

The  stress  diagram  being  completed,  the  amount  of  the 
stresses  may  be  determined  by  measuring  the  various  lines 
with  the  scale  to  which  the  diagram  has  been  drawn. 


HOWE  ROOF  TRUSS 

6.  In  Fig.  5  is  shown  a  frame  suitable  for  timber  con- 
struction with  iron  tension  members  known  as  a  Ho-we 
truss  when  constructed  as  in  the  figure,  and  as  a  Pratt 
truss  when  the  vertical  members  are  made  to  resist  com- 
pression and  the  oblique  members,  tension.  In  this  problem 
it  is  desired  to  draw  the  stress  diagrams  for  the  dead  load 
and  the  wind  load;  also,  to  design  and  properly  proportion 
the  roof  truss  to  resist  the  stresses  that  the  various  members 
may  be  required  to  sustain. 

Draw  the  frame  diagram  for  the  vertical  load  shown  in 
Fig.  5,  and  mark  the  dead  load  coming  on  the  different  panel 
points,  or  joints,  in  the  truss.  The  truss  being  symmetric- 
ally loaded,  the  reactions  7?,  and  R,  are  each  equal  to  half 
the  load  on  the  truss. 

Draw  the  stress  diagram  for  the  dead  load  to  the  scale 
of,  say,  800  pounds  to  xo  inch.  Draw  the  vertical  load  line 
aj,  and  determine  the  point  z.  Then  draw  the  stress  diagram 
by  the  methods  previously  given.     Only  one-half  the  diagram 
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need  be  drawn,  as  the  stresses  obtained  on  one  side  of  the 
center  of  the  truss  apply  to  the  other  side;  for  instance, 
FQ  is  the  same  as  P E.  Having  completed  half  the  stress 
diagram  for  the  dead  load,  redraw  the  frame  diagram  for  the 
wind  load.  The  direction  and  amount  of  the  wind  pressure 
at  the  several  panel  points,  or  joints,  of  the  truss  are  shown 
in  the  frame  diagram. 

As  both  ends  of  the  truss  are  secured  against  sliding,  the 
reactions  act  in  a  parallel  direction  to  the  wind  pressure.  If 
the  left-hand  side  of  the  truss  be  secured  and  the  right-hand 
side  placed  on  rollers,  to  allow  for  expansion,  as  is  some- 
times the  case  with  iron  or  structural  steel  trusses,  the  right- 
hand  reaction,  instead  of  being  parallel  to  the  direction  of 
the  wind,  will  be  vertical.  This  makes  considerable  differ- 
ence in  the  stress  diagram,  as  will  be  explained  subsequently. 
To  determine  the  amount  of  the  reactions  R^  and  R,,  let  c  be 
the  center  around  which  the  moment  of  R,  is  taken;  then  the 
perpendicular  distance  between  the  line  of  action  of  R,  and 
the  point  c  will  be  71.22  feet.  Extend  the  left-hand  rafter 
until  it  cuts  the  line  of  action  of  the  force  R,  at  the  point  y' . 
Regard  this  extension  and  the  rafter  as  a  beam,  and  calcu- 
late the  amount  of  the  reactions  R^  and  R,  by  the  principle 
of  moments. 

The  moments  about  the  point  c  are  as  follows: 
2,800  X  11.18  =      3  13  0  4  foot-pounds 
2,800  X  22.36  =      6  2  6  0  8  foot-pounds 
2,800  X  33.54  =      9  3  9  12  foot-pounds 
1,400  X  44.72  =      6  2  6  0  8  foot-pounds 
Total,         2  5  0  4  3  2  foot-pounds 
and  250,432 -H  71.22  =  3,516  pounds,  the  reaction  i?,.   Having 
found  R.,  find  R,  by  subtracting  R.  from  the  sum  of  the  loads. 
The  sum  of  the  loads  is:     1,400  -f-  2,800  -f  2,800  +  2,800 
-I-  1,400  =  11,200    pounds.      Then,  11,200  -  3,516  =  7,684 
pounds,  the  reaction  R^. 

7.  Next,  lay  out  the  wind  stress  diagram  by  drawing  the 
load  line  a /'parallel  to  the  direction  of  the  wind  in  the  frame 
diagram  for  the  wind  load.     Lay  off  to   scale  (in  this  case 


Scwle:X  in^SOO  lb. 

Stress  Diagram  for  Vertica/Load 

Pig.  5 


■^ 


ScwCe:^  ini=4:00  lb. 


12  GRAPHICAL  ANALYSIS  OF  STRESSES       §27 

400  pounds  to  tV  inch)  the  forces  ab,bc,cd,  de,  and  et  equal 
to  AB,  B  C,  CD,  DE  and  EF,  in  the  frame  diagram.  Then 
from  a,  lay  o'S.  az  equal  to  the  reaction  Z  A,  or  i?,.  If  the 
other  forces  or  loads  have  been  laid  off  accurately,  fz  sliould, 
on  measurement,  be  found  equal  to  the  right-hand  reaction  R^. 

The  first  joint  to  analyze  is  AB  K Z.  Start  at  b  and  draw 
the  line  b  k  parallel  \.o  B  K  vsi  the  frame  diagram;  then  from  z 
draw  z  k  parallel  to  K Z;  where  the  two  lines  intersect  is  the 
point  k.  The  polygon  of  forces  around  this  joint  is  from 
a\.o  b  \.o  k  to  z,  and  from  z  back  to  the  starting  point  a.  The 
next  joint  to  analyze  is  B  C LK.  From  the  point  c  draw  the 
line  cl  parallel  to  C  Lm.  the  frame  diagram  and  from  k  draw 
the  line  k  I  parallel  to  the  member  L  K,  the  point  of  intersec- 
tion being  /.  The  polygon  of  forces  around  this  joint  is 
from  ^  to  f  to  /  to  k,  and  from  k  back  to  b. 

To  analyze  the  joint  KLMZ:  kl  being  already  known, 
the  next  member  is  L  M;  so  from  the  point  /  draw  the  line 
lm  parallel  to  L M  in  the  frame  diagram.  As  the  next 
member  around  this  joint  is  M Z,  to  which  m  z  in  the  stress 
diagram  is  parallel,  the  point  m  is  located  where  the  line 
Itn  intersects  the  line  mz;  this  completes  the  joint,  the 
polygon  of  forces  around  it  being  from  k  to  /  to  »?  to  z,  and 
from  z  back  to  k. 

To  determine  the  stresses  in  the  members  around  the  joint 
C D  NML,  draw,  from  the  point  d,  the  line  dn,  parallel  to 
the  member  Z?  A''  in  the  frame  diagram;  then,  from  the  point 
m  draw  m  n  parallel  to  N  M.  The  polygon  of  forces  around 
this  joint  is  from  c  to  d  to  n  to  m  to  I,  and  from  /  back  to  c. 

To  analyze  the  forces  around  the  joint  MNOZ,  draw 
from  n  the  line  n  o  upwards,  parallel  to  N  G  in  the  frame 
diagram;  as  the  next  member  O  Z  is  horizontal,  the  point  o 
must  be  at  the  intersection  no  and  oz.  This  completes  the 
joint,  and  the  polygon  of  forces  around  it  is  from  m  to  nto  o 
to  z,  and  irom  z  back  to  m,  the  starting  point. 

Now  analyze  the  joint  D  E P  O  N.  From  e  draw  the  line 
ep  parallel  to  E P  in  the  frame  diagram,  and  from  o  draw  the 
line  op  parallel  to  P  O.  The  intersection  of  these  lines  deter- 
mines the  point  p,  and  the  polygon  of   forces   around  this 
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joint  is  from  rf  to  e  to  ;!>  to  o  to  n,  and  from  n  back  to  d,  the 
starting  point. 

The  analysis  of  the  joint  O PQZ  is  made  by  drawing  the 
vertical  line  p  q  from  the  point  p\  the  point  where  p  q  inter- 
sects bk\sq.  Then  the  polygon  of  forces  around  this  joint 
is  from  o  to  /  to  y  to  z,  and  from  z  back  to  o.  The  members 
shown  in  dotted  lines  do  not  sustain  any  stresses  from  the 
pressure  of  the  wind  when  it  strikes  the  left-hand  side 
of  the  truss. 

TABLE  I 


Member 

Dead-Load 
Diagram 

Wind-Load 
Diagram 

Total  of  Both 

BK 

27,000  -|- 

12,000  + 

39,000  -t- 

CL 

23,500  + 

10,000  + 

33,500  + 

DN 

19,500  -f 

7,600  + 

27,100  + 

EP 

16,000  + 

5,680  + 

21,680  + 

KZ 

24,000  — 

13,300  - 

37,300  - 

MZ 

21,000  - 

10,000  — 

31,000  — 

OZ 

17,500  - 

7,000  - 

24,500  - 

LK 

4,000  + 

3,500  + 

7,500  + 

NM 

5,000  + 

4,400  + 

9,400  + 

PO 

6,500  + 

5,400  -f 

11,900  + 

ML 

1,600  — 

1,500  - 

3,100  - 

ON 

3,500  - 

3,000  — 

6,500  - 

'     QP 

10,600  — 

4,500  - 

15,100  — 

FQ 

16,000  + 

6,600  + 

22,600  + 

The  final  joint  to  go  around,  completing  the  stress  diagram, 
is  EFQP-  The  only  unknown  force  around  this  joint  is 
the  stress  in  the  member  FQ.  A  line  drawn  from  /  in  the 
stress  diagram,  parallel  with  the  member  FQ,  should  pass 
through  the  point  q;  if  it  does  not,  the  diagram  has  been 
inaccurately  drawn.  This  is  always  a  test  of  the  accuracy  of 
the  stress  diagram,  and  if  the  last  line  in  this  diagram  does 
not  close  on  the  proper  point,  when  drawn  parallel  to  the 
member  it  represents,  the  stress  diagram  should  be  redrawn, 
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to  determine  whether  the  loads  and  reactions  have  been  laid 
out  correctly,  and  whether  any  of  the  joints  or  members  in 
the  structure  have  been  omitted. 

8.  The  two  diagrams  being  completed,  measure  the 
different  lines  and  obtain  the  stresses  in  the  various  mem- 
bers, as  given  in  Table  I.  It  must  be  noticed,  however, 
that  while  the  wind,  acting  on  one  side  of  a  truss,  does  not 
create  stresses  in  those  members  shown  dotted  on  the 
opposite  side  of  the  frame,  these  members  should  be  pro- 
portioned like  the  others,  because  the  wind  is  just  as  likely 
to  blow  on  this  side  of  the  roof  and  reverse  the  conditions. 

The  values  given  in  this  table  represent  the  stresses,  in 
round  numbers,  on  the  various  members  in  the  truss,  as 
obtained  from  the  dead-load  and  wind-stress  diagrams.  The 
-|-  sign  after  a  value,  signifies  that  the  stress  is  compressive, 
while  the  —  sign  shows  that  it  is  a  tensile  stress. 


SCISSORS  KOOF  TRUSS 

9.  The  type  of  roof  truss  shown  in  Fig.  6  (a)  is  known 
as  the  scissors  truss;  it  is  used  for  spans  of  from  20  to  35 
feet,  and  is  generally  constructed  of  wood.  An  inspection 
of  the  frame  diagram  in  (a)  shows  that  the  space  /T  is  c 
quadrangle,  so  that  underloading  the  frame  as  constructed  is 
liable  to  cause  distortion  and  make  it  impossible  for  the 
vertical  loads  and  the  reactions  J?i  and  J?^  to  keep  it  in  equi- 
librium. If  it  is  not  clear  that  the  space  ^  is  liable  to  dis- 
tortion from  the  vertical  loads  and  their  reaction,  a  rough 
bristol-board  model,  hinged  at  the  joints,  should  be  made 
and  notice  taken  of  the  change  of  form  created  by  any  vertical 
load  applied  to  the  truss. 

To  prove  that  such  a  condition  exists  and  that  it  is 
necessary  to  introduce  some  member  in  order  to  prevent  the 
distortion  of  the  truss,  the  diagram  shown  in  (6)  is  made. 
The  load  line  is  represented  by  the  line  af,  and  the  several 
vertical  loads  on  the  rafter  member  of  the  truss  are 
marked  off,  by  scale,  from  a  to  5  to  ^  to  rf  to  s  to  /.  Since 
the  truss  is  symmetrically  loaded  and  the  reactions  i?,  and  H, 
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are  equal,  the  point  z  will  be  located  midway  between  the 
points  a  and  /,  or  it  will  divide  the  space  c(/  into  halves. 
Around  the  joint  A  B  GZ  there  are  but  two  unknowns; 


^=1000  lb. 


h  (b) 

Stress  Diagram 


therefore,  the  stresses  in  the  members  may  be  solved  by 
drawing  from  b,  in  the  stress  diagram,  a  line  parallel  with 
BG,   and  from  z  a   line   parallel   with   G  Z  \n   the   frame 
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diagram.  The  point  g  will  be  located  at  the  intersection  of 
these  lines,  and  the  polygon  of  forces  around  this  joint  will 
extend  from  a  to  b  to  g  to  s,  and  from  z  back  to  a,  the 
starting  point. 

The  stresses  in  the  members  of  the  joints  CHG  are  rep- 
resented in  the  stress  diagram  when  the  lines  ch  2Lr\Agh  are 
drawn  parallel,  respectively,  to  their  members  in  the  frame 
diagram. 

In  analyzing  the  next  joint  CD  H,  a  difficulty  is  encoun-; 
tered,  as  the  point  h  is  already  located,  and  it  is  impossible 
to  draw  in  the  stress  diagram  a  line  from  d  to  h  and  parallel 
with  that  member  in  the  frame  diagram,  but  a  line  can  be 
drawn  from  d  to  such  a  point  as  Ai,  which  will  be  parallel 
with  the  right-hand  rafter  member  of  the  truss.  In  fact,  when 
■  the  point  h^  has  been  found,  the  other  half  of  the  diagram 
may  be  completed  as  shown  dotted,  for  it  is  exactly  similar 
to  the  stress  diagram  for  the  left-hand  portion  of  the  truss. 
Even  though  the  diagrams  can  be  drawn  in  this  way,  the 
polygon  of  forces  is  incomplete  around  this  joint,  for  in  tra- 
cing its  stresses,  there  is  no  closed  polygon  and  equilibrium 
is  not  maintained.  If,  however,  the  points  h  and  h^  in  the 
stress  diagram  are  connected,  the  polygon  of  forces  about 
the  apex  joint  of  the  truss  will  be  complete.  This  line  of 
stress  h  h^  is  represented  in  the  frame  diagram  of  the  truss 
by  introducing  the  vertical  member  HII„  as  shown  in  {c) . 
The  truss  could  be  held  in  equilibrium  by  inserting  a  member 
between  the  joints  B  CHG  and  DEIH,  or  by  placing  a  tie 
between  the  feet  of  the  roof  truss  at  i?,  and  R^.  It  is  not 
unusual  for  carpenters  to  construct  this  truss  as  shown  in  {a): 
This  is  radically  wrong,  for,  unless  the  walls  will  withstand 
a  side  thrust,  the  stability  of  the  truss  depends  on  the  trans- 
verse strength  of  the  rafter  members  at  the'  joints  BCHG 
snADEIH. 

10.  The  scissors  truss  shown  in  Fig.  7  {a)  can  be  analyzed 
without  the  insertion  of  another  member,  provided  there  is 
sufficient  stability  at  the  feet  of  the  truss  to  resist  an  oblique 
thrust.     That  this  thrust  is  fixed  in  direction  and  amount  may 
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be  determined  by  drawing  the  stress  diagram  shown  at  (6). 
Commence  the  analysis  of  the  truss,  instead  of  at  the  lower 
right-  or  left-hand  joint,  at  the  apex  or  the  joint  CD  H.  Lay 
ofE  the  load  line,  as  designated  from  a  to  /,  and  draw  from  the 
points  c  and  d  lines  parallel  with  the  members  CH  axidD  H, 
respectively,  in  the  frame  diagram,  thus  locating  the  point  h. 

The  joints  B  CH G  and  D EI H  can  be  analyzed  by  draw- 
ing the  lines  in  the  stress  diagram  designated  by  bg,  ei,  gh, 
and  ih.  Having  the  points^  and  z,  the  stress  lines ^^^  and  iz 
can  be  found  by  drawing,  from  the  points  g  and  i,  lines 
parallel  with  the  members  Z  G  and  /Z,  respectively.  Having 
determined  the  point  z,  by  connecting  the  points  a  and  /  with  z, 
the  reactions  za  and  /^•.are  obtained,  both  in  direction  and  in 
amount;  and  it  is  evident  that  since  the  diagram  closes  and 
the  polygons  of  both  the  external  and  internal  forces  are  com- 
plete, the  truss  is  in  equilibrium  when  R^  and  /?2  are  inclined, 
as  shown.  The  inclined  reactions  R^  and  R^  are  the  oblique 
resultants  of  the  vertical  reactions  of  4,000  pounds  shown  in 
Fig.  6  (a)  and  horizontal  thrusts  introduced  at  A^  and  A^,  as 
designated  in  Fig.  7  (a). 

The  reaction  diagram  is  shown  in  Fig.  7  (c).  Here  aa^  is 
equal  to  4,000  pounds,  or  the  vertical  reaction.  The  hor- 
izontal thrust  at  each  abutment  is  measured  by  the  length  of 
the  line  a,  z  and  the  oblique  resultants  of  these  two  forces, 
which  are  R^  and  R^  in  the  frame  diagram  in  (a),  are  shown 
from  atoz  and  from  /  to  z.  These  lines,  it  will  be  noticed, 
coincide  with  the  same  lines  in  the  stress  diagram  in  {b). 
The  resultants,  or  the  oblique  reactions  /?,  and  R^,  are 
shown  dotted,  in  the  frame  diagram  {a) ,  at  each  abutment. 

11.  While  the  fact  that  the  diagram  (b)  closes  is  suffi- 
cient proof  of  its  correctness  and  the  accuracy  with  which 
it  has  been  drawn,  it  is  interesting  to  check  the  reactions 
Rt  a-.;d  R^,,  by  calculating  the  moments  of  the  external  forces 
abou;  -ome  point,  such  as  c. 

Regard  the  left-hand  portion  of  the  truss  as  being  held  in 
rotatory  equilibrium  about  the  point  c  by  the  forces  desig- 
nated in  the  diagram   (d).     Here  the  member  CH  oi  the 
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frame  diagram  (a)  is  replaced  by  a  force  C//,  the  amount 
of  which  may  be  found,  assuming  that  the  stress  diagram 
has  not  as  yet  been  drawn,  by  laying  off  in  the  vertical 
direction  of  the  force  CD,  from  the  point  c  shown  in  (e),  a 
line  equal  in  length  to  one-half  of  C£>,  or  1,000  pounds,  and 
by  intersecting  a  horizontal  line  from  d  hy  a.  line  drawn 
parallel  with  C  H  in  the  frame  diagram.  On  measuring  the 
length  of  ch  in  {e) ,  the  amount  of  the  stress,  or  force,  C H, 
designated  in  diagram  {d) ,  is  found. 

The  forces  A  B,  B  C,  and  C H  in  this  figure,  acting 
through  lever  arms  about  the  point  c,  are  opposed  by  the 
moment  of  the  reaction  R^  ov  Z A  about  the  same  point. 
The  sum  of  the  moments  of  the  forces  AB,  B  C,  and  C H  is 
found  from  the  following: 

Moment  oi  A  B  =  1,000  X25        =25000  foot-pounds 
Moment  of  ^  C  =  2,000  X  12.5     =25000  foot-pounds 
Moment  of  CH  =  2,000  X    8.75  =  17  5  0  0  foot-pounds 
Sum  of  positive  moments  =  6  7  5  0  0  foot-pounds 
The  leverage  of  i?,  is  equal  to  8.75  feet,  so  that  its  amount 
equals  67,500  h-  8.75,  or  7,714  pounds.     By  scaling  the  lines- 
az  or  i z  in  either  the  stress  diagram  {b)  or  in  the  reaction 
diagram  (c)  it  will  be  found  to  correspond  with  the  result 
just  found. 

12.  Dead-Load  Diagram. — Fig.  8  (a)  is  the  frame 
diagram  of  a  scissors  roof  truss  of  which  the  stress  diagrams 
for  the  dead  load  and  wind  pressures  are  to  be  found. 

First  draw  the  stress  diagram.  Fig.  8  {b),  for  the  dead 
load.  As  the  dead  loads  on  the  truss  are  symmetrical,  both 
in  amount  and  location  with  regard  to  the  center  line  of  the 
truss,  the  reactions  are  the  same  at  either  end  of  the  truss, 
and  each  is  equal  in  amount  to  one-half  the  load,  in  this  case, 
7,575  pounds.  Before  going  around  the  joints,  draw  the  ver- 
tical line  3 /in  the  stress  diagram;  then  starting  at  the  point  a, 
lay  off  to  the  scale  of,  say,  400  pounds  to  every  tV  inch,  the 
force  ab  equal  to  A  B  in  the  frame  diagram;  then  lay  oft  be 
equal  to  B  C,  cd  equal  to  CD,  de  equal  to  D  E,  and  ^/  equal 
to  EF.     Then,  as   the   truss   is    symmetrically  loaded,  the 
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point  z  is  located  midway  between  the  points  a  and  /.  If  the 
truss  were  not  symmetrically  loaded,  the  reactions  would 
have  to  be  calculated  by  the  principle  of  moments. 

Having  located  the  loads  and  their  reactions  on  the  vertical 
line  a  /,  obtain  the  stresses  in  the  members  around  the  joint 
AB  GZ from  the  point  b,  by  drawing  a  line  bg parallel  to B  G 
in  the  frame  diagram;  then  from  z  draw  the  line  ^^^  parallel  to 
GZ;  the  intersection  of  these  lines  will  be  the  pointy.  The 
polygon  of  forces  around  this  joint  is  from  5  to  ^  to  s'  to  a, 
from  a  back  to  b,  the  starting  point.  Bear  in  mind  that  the 
forces  in  the  stress  diagram,  representing  the  reactions,  must 
have  the  same  direction  as  the  reactions  in  the  frame  diagram. 
The  lines  determining  the  stresses  around  the  joint  B  CHG 
should  next  be  drawn;  be  having  been  determined  from  c, 
draw  a  line  ch  parallel  to  CH,  and  from  g  draw  a  line  ^  A 
parallel  to  H  G,  the  intersection  of  these  two  lines  deter- 
mining the  point  h,  while  the  polygon  of  forces  is  from  b  toe 
to  k  to  g,  and  from  g  back  to  b. 

Now  work  around  the  joint  C D I H;  cd  being  already 
known,  from  the  point  d  draw  the  line  di,  parallel  to  D  I, 
and  from  the  point  h  draw  the  line  h  i,  parallel  to  I H,  the 
intersection  of  the  two  lines  being  the  point  z.  In  going 
around  the  joint  GHIJZ,  the  stresses  in  the  members 
zg,gh,  h  i,  have  already  been  determined  and  drawn  in  the 
stress  diagram.  Then,  from  the  point  i  draw  the  line  // 
parallel  to  IJ,  and  from  z  draw  the  line  z'j  parallel  to  J Z, 
and  the  intersection  of  these  two  lines  will  be  the  point  /. 
The  polygon  of  forces  around  this  joint  is  from  z  to  g  to  h 
to  i  to  y,  and  from  /  back  to  z,  the  starting  point. 

The  next  joint  to  analyze,  in  going  around  the  truss,  is 
DEJI;  j  i,  id,  and  ^f  being  known,  the  only  remaining  force 
to  determine  is  the  stress  in  the  member  EJ.  The  point  e 
being  fixed,  draw  the  line  ej  parallel  to  EJ  in  the  frame 
diagram,  and  if  this  line,  which  completes  the  diagram, 
passes  through  the  point  /,  the  diagram  is  correct  and 
accurately  drawn.  The  stresses  around  the  right-hand  heel 
of  the  truss  are  all  known,  the  line  ej]ust  drawn  having  been 
the  only  unknown  member  at  this  joint.      The  polygon  of 
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forces  around  the  joint  DEJI  is  from  d  Vo  e  to  j  to  z,  and 
from  i  to  d,  the  starting  point.  The  polygon  of  forces 
around  the  joint  EFZJ  is  from  e  to  /  to  ^  to/,  and  from/ 
back  to  e,  completing  the  stress  diagram  for  the  dead  or  ver- 
tical load  on  the  roof  truss. 

13.  The  wind-load  diagram,  however,  remains  to  be 
drawn.  Redraw  the  frame  diagram,  as  shown  in  Fig.  9. 
The  wind  is  always  considered  as  acting  normally,  or  at 
right  angles,  to  the  roof,  the  amount  of  its  pressure  at  the 
different  joints  of  the  truss  being  shown  on  the  frame 
diagram.  As  the  heels  of  the  trusses  are  fixed,  the  reactions 
act  in  lines  parallel  with  the  wind  pressure. 

To  estimate  the  amount  of  the  reactions  R^  and  R,,  consider 
the  left-hand  rafter  member  as  a  beam,  and  R^  and  R,  as 
the  reactions  supporting  it.  The  moments  due  to  the  wind 
pressure  B  C  and  CD  acting  about  R,.  are: 

At  B  C,  6,556  X  19.5    =  12  7  8  4  2  foot-pounds 

At  CD,  1,960  X  29.66  =     57837  foot-pounds 

Total,  18  5  6  7  9  foot-pounds 

The  lever  arm  with  which  R,  resists  the  wind  pressure 
acting  at  the  joints  is  29  feet  8  inches,  so  185,679  ~  29.66 
=  6,260  pounds,  the  amount  of  the  reaction  at  R,.  The  sum 
of  the  loads  being  4,600  4-  6,556  -|-  1,950  =  13,106  pounds, 
the  reaction  at  R,  is  13,106  -  6,260  =  6,846  pounds. 

First  draw,  in  the  stress  diagram,  the  load  line  a  d  parallel 
to  the  direction  of  the  wind  pressure  and  the  reactions.  Lay 
off  to  the  scale  to  which  the  stress  diagram  is  drawn— in  this 
case,  400  pounds  to  tV  inch — the  force  a  b  equal  to  A  B  in 
the  frame  diagram,  then  lay  off  6  c  equal  to  B  C,  and  cd 
equal  to  CD.  From  d  lay  off  the  amount  of  the  reaction  R:, 
or  dz,  which  determines  the  point  z,  and  the  distance  za, 
according  to  scale,  equals  in  amount  the  left-hand  reaction  ^i. 
The  polygon  of  external  forces  is,  then,  from  a  to  b  to  cto  d 
to  z,  and  from  z  back  to  a,  the  starting  point,  forming  a 
straight  line,  as  in  all  cases  so  far  analyzed. 

Continue  the  stress  diagram  by  going  around  the  joint 
ABGZ;  from  the  point  b  draw  the  line  bg,  and  from  the 
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point  2  draw  the  line  zg  parallel  to  the  corresponding  members 
in  the  frame  diagram,  the  point  where  the  two  lines  intersect 
being  ^.  The  polygon  of  forces  around  this  point  is  from 
aX.0  b  X.0  g  to  2,  and  from  z  back  to  a. 

The  next  joint  is  B  CHG;  be  having  already  been  obtained, 
from  the  point  c  draw  the  line  c  h  parallel  to  CH,  and  from  g 
draw  the  line  gh  parallel  .to  H  G,  h  being  the  point  where 
these  two  lines  intersect.  Disregard  the  two  members  in  the 
frame  diagram  shown  in  dotted  lines,  which  do  nothing 
toward  sustaining  the  wind  pressure.  Now  work  around  the 
joint  H  CD  Z,  of  which  cd  and  dz  are  known;  draw,  from  z, 
the  line  zh  parallel  with  Z  H  in  the  frame  diagram;  if  this 
closing  line  of  the  diagram  passes  through  the  point  h,  the 
diagram  has  been  drawn  accurately.  The  polygon  of  forces 
around  the  joint  B  CH  G  is  from  b  to  c  to  h  to  g,  and  from  g 
back  to  b.  The  polygon  of  forces  around  the  joint  C  D  ZH  is 
from  c  to  d  to  2  to  h,  and  from  h  back  to  c.  The  polygon 
of  forces  around  the  joint  ZGH  is  from  ^^  to  ^  to  h,  and 
from  h  to  2,  the  starting  point. 

The  stress  diagrams  for  both  the  dead  and  the  wind  load 
being  complete,  the  stress  in  each  member  of  the  truss  is- 
obtained  by  determining,  by  scale,  the  stress  due  to  both  the 
dead  and  wind  loads  in  each  member,  adding  the  two  together 
for  the  maximum  load  in  the  ^nember.  To  determine,  for 
instance,  the  stress  in  the  strut  H  G,  measure  the  length  of 
the  line  hg  in  the  stress  diagram,  Fig.  8,  for  the  dead  load, 
and  obtain  its  amount;  then  measure  the  same  line  hg  in  the 
stress  diagram  for  the  wind  load,  Fig.  9;  find  the  sum  of  the 
two  measurements,  and  determine  the  maximum  stress  in 
the  strut  hg  from  the  assumed  scale  of  the  drawing. 

It  must  be  remembered  that  while  the  wind  acting  on  one 
side  of  a  truss  does  not  create  stresses  in  all  the  members 
on  the  opposite  side,'  these  members  should  be  proportioned 
in  a  like  manner  to  the  other  members,  because  the  wind  is 
quite  as  likely  to  blow  on  this  side  of  the  roof  and  reverse 
the  conditions. 
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TRUSS  WITH  LOADS  ON  LOWER  CHORD 
14.     stress  Diagram. — The  type  of  roof  truss  shown  in 
Fig.  10  is  admirably  adapted  for  spans  of  40  and  50  feet,  and 
when  built  of  structural  steel  makes  excellent  principals  for 


Sfress  D/atfram    Verhcal  Loads 


Scale/^  inch  =  200lh. 


the  support  of  roofs  over  boiler  houses,  shops,  etc.  In  such 
positions,  or  where  they  support  a  ceiling-  beneath  the 
lower  chord,   or    tie-member,   they   are    often    required    to 
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carry  considerable  weight,  which  is  transmitted  to  the 
joints  MZ  and  ZN. 

By  introducing  these  loads  suspended  from  the  panel 
points  on  the  lower  chord,  no  confusion  need  result  in  draw- 
ing the  stress  diagram  if  these  loads  and  the  correct  reactions 
are  introduced  in  the  load  line  of  the  stress  diagram,  which 
represents  the  force  polygon  of  the  external  forces.  The 
sum  of  the  reactions  i?,  and  R,  must  equal  the  sum  of  the  loads 
on  the  frame,  including  the  weights  suspended  from  the 
lower  chord,  and  as  the  truss  is  symmetrically  loaded  the 
reactions  R^  and  R^  are  equal,  and  each  is  half  the  entire  load. 
The  system  of  lettering  for  the  designation  of  the  forces  on 
the  frame  may  be  followed  in  alphabetical  order,  the  letter  Z 
being  used  to  designate  the  space  below  the  lower  chord  of 
the  truss.  The  external  forces  on  the  frame  diagram  of 
Fig.  10  will  then  read,  on  the  load  line,  downwards 
from  a  to  6  to  tf  to  ^  to  fi  to  /;  then  upwards  from  /  to  n, 
which  distance  is  laid  off  to  equal,  in  this  instance,  the 
reaction  R^,  or  7,000  pounds.  The  force  polygon  will  now 
continue  from  n  to  z  downwards,  thus  designating  the 
suspended  weight  of  3,000  pounds  on  the  right-hand  portion 
of  the  lower  chord.  The  force  z  m.  is  now  laid  off,  also,  down- 
wards, in  order  to  designate  the  suspended  weight  of  3,000 
pounds  on  the  left-hand  portion  of  the  lower  chord.  When  m 
has  been  located  on  the  load  line,  the  reaction  R^  is  laid  off 
upwards  equal  to  7,000  pounds  and  is  represented  in  the 
stress  diagram  by  m  a.  It  will  be  noticed  in  laying  off  the 
polygon  of  external  forces  in  the  stress  diagram  that 
the  point  n  lies  at  the  same  place  as  the  point  b  and  that  the 
point  m  coincides  with  the  point  e.  This  duplicate  designa- 
tion of  a  point  is  frequently  necessary,  and  especially  so 
when  weights  are  suspended  from  points  on  the  lower  chord. 

In  this  case,  the  polygon  of  external  forces  is  actually  a 
single  straight  line,  but,  nevertheless,  it  is  a  many  sided 
figure,  being  made  up  of  the  several  forces  around  the  truss. 
That  it  has  no  appreciable  area  or  shape  is  due  to  the  fact 
that  all  the  external  forces  are  vertical  and,  coinciding 
with  one  another,  form  a  straight  line. 
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In  drawing  the  stress  diagram  for  the  vertical  loads,  com- 
mence at  b  and  draw  bgoi  indefinite  length,  and  parallel  with 
the  member  B  G  m  the  frame  diagram.  From  m  draw  a  line 
parallel  with  MG  in  the  frame  diagram,  thus  obtaining  the 
point  £-  at  the  intersection  of  the  two  lines.  The  polygon  of 
forces  about  the  joint  AB  GM will  then  read  from  ato  b  io 
g  to  m  and  from  m  back  to  the  starting  point  a.  From  this 
it  will  be  observed  that  the  stress  in  B  G  at  its  lower  end 
acts  toward  the  joint,  and,  consequently,  this  member  is  in 
compression,  while  the  stress  at  the  left-hand  end  of  the 
member  GM  is  represented  in  the  stress  diagram  by  a  line 
drawn  in  a  direction  away  from  the  joint,  so  that  this 
member  is  in  tension.  Having  proceeded  this  far,  one  may 
hesitate  as  to  whether  to  proceed  with  the  joint  B  CHG  or 
G  HJ Z  M.  An  inspection  of  the  latter  joint,  however,  will 
show  that  there  are  a  number  of  members  gathered  at  this 
point  and  that  so  far  only  two  of  the  forces  are  known. 

It  will  be  observed,  however,  that  BCHG  contains  only 
two  unknown  forces,  and  that  when  this  joint  has  been  solved, 
GHJZM is  likewise  solvable.  These  two  joints  may  then 
be  represented  in  the  stress  diagram  by  the  polygons  bchg 
dindghj zm.  In  this  manner  the  stresses  in  the  members 
GH,  HJ,  and  CH,  together  with  JZ,  are  determined  and 
the  stresses  in  all  the  members  of  the  truss  obtained.  Since 
the  loads  are  symmetrical,  the  stress  diagram  will  be  the 
same  on  both  sides  of  the  line  zj. 

15.  If,  after  determining  the  stresses  in  GM  anA  GH, 
there  had  still  remained  three  unknown  forces  about  the 
joint  GHJZM,  it  would  have  been  necessary  to  figure 
the  stress  in  JZ  by  taking  the  moments  about  the  apex  of 
the  truss.  This  stress  will  equal  the  algebraic  sum  of  the 
moments  of  the  external  forces  about  the  apex  divided  by 
the  perpendicular  distance  between  that  point  and  the  mem- 
ber JZ,  or  the  rise  of  the  truss.  All  vertical  loads  on  the 
left-hand  side  of  the  truss  tend  to  turn  this  half  of  the  truss 
in  a  downward  direction,  while  the  reaction  R^  acts  in 
opposition    to   these   forces    and  tends  to  revolve  it  in  an 
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upward  direction.  The  moments  of  the  several  forces  AB, 
B  C,  and  MZ  are  equal  to  their  amount  multiplied  by  the  per- 
pendicular, which,  in  this  case,  is  the  horizontal  distance  from 
their  line  of  action  to  the  apex  of  the  truss,  while  the  moment 
of  J?i  about  the  apex  of  the  truss  is  equal  to  its  amount 
multiplied  by  one-half  the  span.  The  several  distances 
entering  into  the  calculation  of  moments  for  these  forces  are 
given  in  the  figure,  and  the  calculations  are  as  follows. 

Negative  moments,  due  to  the  vertical  loads  on  the  truss 
around  the  apex,  equal: 

Moment  of  A  B,  1,000  Xl8       =18000  foot-pounds 

Moment  of  B  C,  2,000  X.   9        =18000  foot-pounds 

Moment  of  MZ,  3,000  X    6.76  =  20280  foot-pounds 

Sum  of  negative  moments  =  5  6  2  8  0  foot-pounds 

Positive  moments  about  the  same  point  equal: 

Moment  of  MA  =  7,000  X  18  =  126,000  foot-pounds 

The  algebraic  sum  of  these  moments  equals  126,000 
-  56,280  =  69,720  foot-pounds.  It  will  be  observed  that 
the  force  CD  does  not  exert  a  moment  about  the  apex  of  the 
truss,  so  that,  in  figuring  the  negative  moments,  this  force 
is  neglected.  The  perpendicular  distance  from  the  mem- 
ber JZ  to  the  apex  of  the  truss  is  9  feet,  so  that  the  stress  in 
this  member  is  equal  to  69,720  -=-  9  =  7,746  pounds,  which 
is  proved  to  be  correct  by  scaling  the  line  JZ  in  the  stress 
diagram. 

The  stress  in  the  member  CH  can  be  checked  by  figuring 
the  moments  about  the  joint  G  H J Z M.  The  negative 
moments  about  this  joint,  due  to  the  vertical  loads  to  the 
left,  equal: 

Moment  of  A  B,  1,000  X  11.24  =  112  4  0  foot-pounds 

Moment  of  B  C,  2,000  X    2.24  =      4480  foot-pounds 

Total  of  negative  moments  =  15  7  2  0  foot-pounds 

The  positive  moment  about  the  same  point  equals  7,000 
X  11.24  =  78,680,  and  the  algebraic  sum  of  the  moments 
about  the  joint  is  78,680  -  15,720  =  62,960.  The  perpendic- 
ular distance  from  CH  to  the  joint  GHJZM,  according  to 
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the  frame  diagram,  is  4  feet  6  inches,  and  the  stress  in  the 
member  CH  is  found  by  dividing  62,960  by  4.5,  which  is 
found  to  equal  13,991  pounds.  This  amount  is  approximately 
the  stress  found  on  scaling  the  line  c  h  in  the  stress  diagram. 

16.  Wintl-Ijoad  Diagram. — The  frame  and  stress  dia- 
grams of  the  wind  load  for  the  same  truss  are  shown  in 
Fig.  11.  It  is  first  necessary  to  calculate  the  reactions  i?, 
andi?s.  Since  the  truss  is  fixed  at  both  ends,  these  reactions 
coincide  in  direction  with  the  normal  wind  pressures  at  each 
panel  point.  The  amount  of  R^  may  be  calculated  by  taking 
the  moments  about  c  and  finding  the  algebraic  sum  of  all  the 
external  forces.  If  the  normal  wind  loads  acting  at  each 
panel  point  on  the  rafter  member  are  considered  as  exert- 
ing negative  moments  about  c,  the  reaction  R,  exerts  a  posi- 
tive moment  about  the  same  point,  and  the  moments  of  the 
several  forces  are  as  given  in  the  following  calculation.  It 
must  be  remembered  in  these  calculation's  that  the  moment 
of  any  force  is  obtained  by  multiplying  the  amount  of  the 
force  by  the  perpendicular  distance  between  its  line  of  action 
and  the  point  around  which  it  tends  to  rotate. 

Moment  of  B  C,  2,400  X  10.06  =  2  4  14  4  foot-pounds 

Moment  of  CD,  1,200  X  20.12  =  2  414  4  foot-pounds 

Sum  of  negative  moments  =  4  8  2  8  8  foot-pounds 

Since  the  amount  of  R,  multiplied  by  its  lever  arm  must 
equal  the  sum  of  the  products  of  each  force  on  the  rafter 
member  multiplied  by  its  lever  arm,  it  is  evident,  since  the 
lever  arm  of  R.,  is  known,  that  R^  will  equal  the  sum  of  the 
negative  moments  divided  by  the  perpendicular  distance 
between  the  line  of  action  of  R-,  and  the  point  c.  This  dis- 
tance, from  the  dimensions  given  in  the  frame  diagram,  is 
32.18  feet  and  the  value  of  R,  is  equal  to  48,288  divided  by 
32.18,  or  1,500  pounds.  Since  the  directions  of  all  the 
external  forces  coincide,  it  is  evident  that  the  condition  of 
translatory  equilibrium  is  fulfilled  when  the  algebraic  sum  of 
the  reactions  and  the  loads  equals  zero,  so  that  if  one  of  the 
reactions  is  known  the  other  can  be  found  by  deducting  the 
known  reaction  from  the  sum  of  the  loads;  hence,  R^  equals 
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4,800  -  1,500,  or  3,300  pounds.  In  this  way  all  the 
external  forces  necessary  to  produce  equilibrium  in  the  truss 
have    been  determined   and  the  load  line   and   polygon    of 
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Fig.  U 

external  forces  may  be  drawn.  This  force  polygon  is  drawn 
from  a  to  i5  to  c  to  d.  Then  the  amount  of  the  right-hand 
reaction,  or  7?,,  is  laid  off  from  d  upwards  and  the  point  z 
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located.  The  distance  za,  according  to  scale,  should  equal, 
in  amount,  the  value  of  R,  previously  found. 

There  will  be  no  difficulty  encountered  in  drawing  the 
stress  diagram  for  the  wind  load  except,  possibly,  in  con- 
cluding the  diagram.  It  will  be  observed,  however,  in  work- 
ing around  the  last  joint  CD  JH  ih.a.t  the  members  JK  and 
KL  will  be  subjected  to  no  stress,  so  that  they  may  be  dis- 
regarded in  drawing  the  diagram.  When  a  stress  diagram  is 
closed  without  certain  members  of  the  frame  being  repre- 
sented, it  shows  that  no  stresses  exist  in  these  members 
tinder  the  condition  of  loading  presented.  For  instance,  in 
the  stress  diagram  of  Fig.  11,  it  is  manifestly  impossible  to 
represent  the  stress  in  the  member  JK,  for  a  line  drawn  from 
d  parallel  with  the  member  D  K  intersects  the  line  drawn 
from  h  parallel  with  the  member  HJ  at  a  point  which,  if  the 
stress  HJ  is  to  be  represented,  must  be  the  point  /,  and  no 
line  can  be  drawn  from  /  parallel  with  the  member  JK  that 
will  give  a  point  ,^  on  a  line  representing  the  member  D  K. 
Having  no  point  k,  k  I  cannot  be  drawn. 

Frequently,  the  useless  members  in  a  frame  may  be  deter- 
mined by  inspection.  Consider  the  right-hand  rafter  mem- 
ber D  K  oi  the  frame  diagram  shown  in  Fig.  11.  This 
member  extends  in  a  straight  line  from  the  apex  to  the  heel 
of  the  truss  and  represents  a  force  acting  in  the  direction  of 
its  axis.  It  is  evident  that  any  force,  such  as  KL,  applied" 
laterally  to  the  force  D  K,  will  not  be  opposed  by  any  portion 
of  the  force  D  K,  but  will,  if  the  rafter  member  is  joined  at 
the  point  g,  push  or  deflect  the  rafter  member  out  of  line,  as 
designated  by  the  dotted  lines.  Evidently,  therefore,  no 
force  KL  can  exist  and  the  member  K L  is  consequently 
useless  with  the  wind  acting  on  the  left-hand  slope  of  the 

truss. 

The  forces  around  the  last  joint  of  the  frame  are  the 
stresses  in  the  members  HC,  DJ,  JH,  and  the  force  CD. 
The  strut  and  tie  being  omitted,  the  letters  K  and  L  are 
neglected  and  the  entire  space,  as  sectioned,  can  be  designated 
as  J,  so  that  the  stress  diagram  for  the  wind  loads  will  be  closed 
by  working  around  the  joint  at  the  apex  of  the  truss. 


32 


GRAPHICAL  ANALYSIS  OF  STRESSES 


i27 


If  the  reactions  have  been  carefully  calculated  and  the  stress 
diagfram  accurately  drawn,  the  polygon  of  forces  around  this 
last  joint  of  the  truss  will  read,  in  the  stress  diagram,  from 
c  to  d  to  i  to  /«,  and  from  h  to  c,  the  starting  point. 


9 


®  «  « 


frame  /)/afram 


•S/z-ess  ll/a^ra/r? 

Fig.  12 

17.  Diagram  for  Cambered  Truss. — Figs.  12  and  13 
show  the  graphical  analysis  for  the  stresses  of  a  frame 
diagram  that  differs  somewhat  from  the  one  described.  It 
is  an  excellent  design  for  roof  trusses  of  small  span.  The 
lower  chord  of  this  truss  is  cambered,  that  is,  it  does  not 
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extend  in  a  straight  line,  but  is  raised  at  the  center;  besides, 
the  rafter  member  is  supported  at  two  places  instead  of  one. 
The  stress  diagrams  for  this  frame  should  be  laid  out  as  an 


Scale  200  lb.  tuk  iitch 


m 

Fig.  13 


exercise.  In  the  solution, 
no  difficulty  will  be  ex- 
perienced in  laying  out  the 
stress  diagram,  Fig.  12,  for 
thT  vertical  loads  on  the 
truss. 

The  stress  diagram. 
Fig.  13,  for  the  wind  loads 
cannot  so  readily  be  drawn, 
from  the  fact  that  the  re- 
actions J?„  R,  must  be  de- 
termined by  the  principle 
of  moments.  After  the 
reactions  have  been  de- 
termined   and    the    stress 


diagram  drawn,  with  the  exception  of  the  lines  representing 
the  stresses  around  the  apex  of  the  truss,  the  frame  diagram 
should  be  studied  to  determine  which  members  in  the  right- 
hand  portion  of  the  truss  are  useless  when  the  wind  blows 
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from  the  left-hand  side.  By  inspection,  it  will  be  perceived 
that  OP  and  PQ  are  of  no  use  in  resisting  the  wind  loads, 
so  that  the  entire  space  that  is  section-lined  can  be  desig- 
nated by  the  single  letter  P.  When  this  has  been  determined, 
the  joint  at  the  apex  of  the  truss  can  be  analyzed  by  drawing 
a  line  from  e,  in  the  stress  diagram,  parallel  with  the  direc- 
tion of  the  right-hand  rafter  member  and  a  line  from  n 
parallel  with  the  tension  member  N P;  the  point  of  inter- 
section of  these  two  lines  will  be  P.  The  analysis  of  this 
joint,  however,  does  not  complete  the  diagram,  from  the 
fact  that  the  stress  has  not  been 'determined  for  the  mem- 
ber pz.  This  stress  may  be  found  by  connecting  the 
points  p  and  z  in  the  stress  diagram,  and  unless  this  line 
coincides  in  direction  with  the  member  P  Z,  the  stress  dia- 
gram is  incorrectly  drawn,  either  on  account  of  inaccuracy 
or  because^  the  amounts  of  the  reactions  have  been  incor- 
rectly determined. 

In  reading  the  several  stresses  in  the  polygon  of  forces  ■ 
last  determined;  it  will  be  found  that  Z  N  and  N P,  as  well 
as  P Z,  are  subjected  to  tensile  stresses.  It  will  be  observed, 
also,  on  inspection  of  the  stress  diagram,  that  Z A' sustains  a 
greater  stress  than  P Z,  but  as  the  wind  is  as  likely  to  blow 
on  one  side  of  the  roof  as  on  the  other,  the  member  K Z  and 
the  corresponding  member  on  the  right-hand  portion  of  the 
truss  must  be  proportioned  for  the  maximum  stress.  The 
small  stress  in  the  member  P Z,  owing  to  this  consideration, 
should  be  disregarded.  Likewise,  since  the  lower  portion  of 
the  rafter  member  ^  A' must  be  proportioned  for  the  maxi- 
mum stress,  the  stress  determined  for  EP  should  be  dis- 
regarded, from  the  fact  that  if  B  K  is  proportioned  for  the 
maximum  stress,  the  rafter  member  throughout  its  length 
will  be  capable  of  sustaining  any  minor  stress.  The  only 
necessity,  therefore,  for  finishing  the  diagram  is  the  desira- 
bility of  checking  the  accuracy  of  the  work  by  having  the 
diagram  closed,  that  is,  by  determining  whether  the  last  line 
in  the  diagram  connecting  two  points,  otherwise  determined, 
lies  in  a  direction  coincident  with  the  final  member  of  the. 
truss  that  it  represents. 
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QUEEN-POST  TRUSS 

18.  In  Fig.  14  is  shown  a  type  of  truss  known  as  the 
queen  post,  from  the  fact  that  the  vertical  members,  shown 
dotted,  are  made  of  timber,  and  are  so  constructed  as  to 
resemble  posts.  These  members,  FG  and  G H,  are  theo- 
retically useless  when  the  truss  is  loaded  at  its  upper  panel 
points  with  vertical  loads  equal  in  amount  and  symmetrical 
as  to  location  about  the  center  of  the  truss.     Disregarding 


stress  Oioffram 
aealei-'-200lh. 


these  members,  therefore, 
and  denominating  all  of  the 
section-lined  space  as  G,  the 
stress  diagram  is  drawn  by 
laying  out  the  load  line  a  e 
and  constructing  the  polygon 
of  external  forces  that  is  en- 
closed by  ab,  be,  c  d,  de,  ez, 
and  z  a.  From  b  the  line  b  f 
is  drawn  parallel  with  B  F  in. 
the  frame  diagram,  the  inter- 
section /  being  found  by  extending  froin  z,  which  coincides 
with  the  point  c  since  the  truss  is  symmetrically  loaded,  a 
horizontal  line  parallel  with  G  Z  in  the  frame  diagram. 

In  analyzing  the  next  joint  B  CG,  it  is  found  that  when  a 
line  bg  is  drawn  parallel  with  the  member  B  G,  it  will  be 
identical  with  the  line  bf,  already  drawn  in  the  stress 
diagram;  B  C  is  already  known.  It  will  be  found  that  the 
stress  in  the  member  CG  must  lie  on  the  line  zfin  the  stress 
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diagram;  consequently,  it  is  proved  that  there  can  be  no 
force  in  the  member  FG,  for  the  vertical  distance  between 
eg  and  gz,  in  the  stress  diagram,  is  zero.  The  stresses  in 
the  members  FG  and  &//■  being  nothing,  the  stress  diagram 
can  be  finished  by  drawing^  from  d  upwards,  a  line  parallel 
with  D  G  va.  the  frame  diagram.  If  the  interior  space  of  the 
frame  is  not  regarded  as  one  space,  but  is  maintained  in 
three  portions,  such  as  F,  G,  and  H,  the  point  h  will  be  coin- 
cident with  /  and  g. 


Fig.  15 

By  inspection  of  the  stress  diagram  we  observe  that  the 
stresses  in  C6^  and  G  Z  are  equal,  though  they  differ  in  kind, 
for  C  G  is  in.  compression  and  G  Z  is  in  tension.  By  refer- 
ring to  the  frame  diagram,  it  will  be  observed  that  the  space 
G  is  a  rectangle,  and,  on  consideration,  it  is  evident  that  a 
rectangle  hinged  at  the  corners,  which  is  the  condition 
assumed  in  all  framed  structures,  is  liable  to  distortion.  This 
cannot  occur  when  the  vertical  loads  are  symmetrically 
placed,  and  when  corresponding  loads  on  each  side  of  the  ver- 
tical center  line  of  the  truss  are  equal,  for  a  tendency  of  one 
to  distort  the  frame  is  counteracted  by  the  other,  which 
tends  to  produce  distortion  in  the  opposite  direction.  If, 
however,  there  is  a  great  variation  between  the  vertical  loads 
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BC  and    CD,  the    frame    will    be    distorted,   as    shown    in 
Fig.  15  {a),  provided  it  is  hinged  at  the  joints.      In  practice, 


, 

,                                                          „«'  -" 

B 

F 

C 

/ 

D 

"5 

G 

Z 

frame  Diafram 

B~2176 

(a) 

R-lh 

Scale  i-^incU  =  300  lb. 

Stress  D/ai^ram  f 


B-  2175 


Fig.  16 


E 


R'1S25 


though  the  distortion  would  tend  toward  that  shown  in  the 
figure,  the  lower  tie-member,  or  chord,  has  considerable 
transverse  strength  and  will  be  deflected  as  shown  in  (b). 
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That  this  type  of  truss  under  unequal  loads  is  unstable, 
and  that  equilibrium  cannot  be  obtained  without  the  intro- 
duction of  another  member,  will  be  demonstrated  by  the 
failure  of  an  effort  to  draw  the  stress  diagram  under  such  a 
condition  of  loading.  For  instance,  in  laying  out  the  stress 
diagram  for  the  truss  loaded  as  shown  ih  Fig.  16  (a),  the 
load  line  or  polygon  of  external  forces  is  laid  ofi  the  same 
as  that  for  the  stress  diagram  previously  completed.  No 
difficulty  is  experienced  in  drawing  the  stresses  around  the 
joint  B  CG F,  but  when  the  joint  FG Z  \s  analyzed  it  is  found 
that  the  point  g'  in  the  stress  diagram  cannot  be  connected 
with  2  hy  a  line  parallel  to  GZ  in  the  frame  diagram.  So, 
it  is  clear  that  under  these  conditions  the  stress  diagram  can- 
not be  drawn  in  such  a  manner  as  to  make  a  closed  polygon, 
and,  in  consequence,  equilibrium  cannot  be  maintained  with- 
out the  introduction  of  another  force  or  its  equivalent,  a 
member  exerting  a  stress.  The  question  then  arises  what 
member  must  be  placed  in  the  frame  diagram  of  the 
queen-post  truss  in  order  to  obtain  equilibrium?  Since  a 
rectangular  frame  is  not  a  stable  form  and  because  a  trian- 
gular frame  is  always  rigid  under  any  condition  of  loading, 
it  is  reasonable  to  divide  the  frame  into  triangles  by  a  diag- 
onal member,  as  has  been  done  in  Fig.  16  (5).  It  will  be 
found  in  drawing  the  stress  diagram  that  there  is  no  place 
for  the  member  ///,  for  the  point  k  coincides  with  the  point  i, 
and  consequently  the  stress  in  the  member  ///  is  zero.  By 
going  over  the  lines  in  the  stress  diagram  for  the  frame 
shown  at  (b),  it  will  be  found  that  the  diagonal  member  G // 
is  in  tension.  Equilibrium  in  a  truss  could  have  been  main- 
tained as  well  by  inserting  a  diagonal  extending  between  the 
joints  HIZ  and  B  C  G  F.  If  the  greatest  load  were  still 
maintained  at  B  C,  this  diagonal  member  would  be  in  com- 
pression and  the  member  FG  would  be  subject  to  no  stress. 

19.  In  the  rectangular  space  subdivided  by  reversing 
the  diagonal  in  this  manner,  the  stresses  in  the  vertical  mem- 
bers FG  and  HI  are  changed,  but  the  stresses  G  C  and  HZ 
are  not  altered.     If,   however,  the  space  included  between 
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the  vertical  members  FG  and  ///and  the  horizontal  members 
C  G  and  HZ  had  been  any  other  quadrangle  instead  of  a  rect- 
angle, the  stresses  in  the  members  C  G  and  HZ  would  have 
been  changed  as  well.  It  is  an  important  point  to  remember 
that  the  reversal  of  a  diagonal  dividing  a  quadrangle,  other 
than  a  rectangle,  would  change  the  amount  of  stress  in  each 
of  the  sides,  or  in  each  of  the  members  enclosing  the  figure. 

20.  It  was  observed  in  drawing  the  stress  diagram  for 
the  queen-post  truss.  Fig.  14,  that  there  was  no  stress  in  the 
dotted  vertical  members.  It  was  also  found,  in  drawing  the 
stress  diagram  for  an  unsymmetrically  loaded  queen-post 
truss,  as  shown  in  the  frame  diagram.  Fig.  16  (5),  that  there 
was  no  stress  in  the  vertical  member  HI,  shown  dotted.  It 
is  evident,  therefore,  that  these  members  are  useless,  that 
the  stress  in  each  case  is  zero,  and  that  the  members  are  not 
needed  to  close  the  polygon  of  forces  about  any  joint.  In 
each  of  these  cases  it  is  also  clear  that  the  conditions  of 
equilibrium  are  realized  in  the  frame  without,  the  insertion  of 
these  members.  A  careful  inspection  of  the  frame  diagram 
in  each  case  reveals  the  fact  that  in  every  case  where  these 
members  have  been  proved  useless,  two  of  the  forces  at  the 
joint  GHZ  in  Fig.  14  and  HIZ  in  Fig.  16  {b)  act  in  the 
same  straight  line,  and  that  there  is  only  one  remaining  force 
at  the  joint.  In  order  that  equilibrium  in  the  joint  can  be 
maintained,  the  algebraic  sum  of  the  vertical  forces  or  ver- 
tical components  acting  at  a  joint  must  equal  zero,  and  the 
algebraic  sum  of  the  horizontal  forces  or  horizontal  com- 
ponents at  any  joint  must  likewise  equal  zero. 

Where  two  opposing  forces  act  in  a  straight  line,  the 
introduction  of  a  third  force  at  any  angle  to  the  line  of  action 
of  the  two  forces  will  only  tend  to  disturb  the  equilibrium 
and  can  never  be  introduced  in  such  a  manner  that  the  third 
force  or  its  components  will  produce  an  algebraic  sum  of 
zero.  This  is  an  important  principle  in  graphical  statics  and 
will  clearly  assist  the  student  in  the  analysis  of  intricate 
framed  structures  and' the  determination  of  the  stresses  in 
the  members  by  the  graphical  method. 
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As  it  will  be  advisable  to  bear  this  principle  in  mind,  it 
has  been  placed  in  the  following  concise  form: 

Kule. —  Where  the  lines  of  action  of  two  opposing  forces  coin- 
cide and  there  is  but  07ie  other  force  acting  at  the  same  point,  the 
two  opposing  forces  must  be  equal,  and  the  third  force  will  destroy 
the  equilibrium  of  the  system,  unless  it  equals  zero. 


DIAGRAMS   FOR  COMPLEX  FRAMES 


TRUSSES     WITH     JOINTS     ACTED     ON     BY    THREE 
UNKNOWN  FORCES 


,     PINK    ROOT'    TRUSS 

21.     Methods  of  Obtaining  One  of  Three  Unknown 

Forces. — In  analyzing  the  stresses  in  framed  structures  by 
the  graphical  method,  joints  are  often  encountered  where 
three  of  the  several  stresses  acting  at  the  point  are  unknown. 
As  it  is  impossible  to  determine  the  stress  in  a  third  unknown 
at  a  particular  joint  by  the  usual  means  employed  in  the 
graphical  solution,  when  such  a  difficulty  arises  some  expedi- 
ent must  be  resorted  to  in  order  to  obtain  the  amount  of  one 
of  the  unknown  forces.  The  three  methods  employed  to 
accomplish  this  purpose  are: 

1.  A  study  of  the  symmetry  of  the  frame  diagram  so  as 
to  determine  by  inspection,  if  possible,  whether  one  of  the 
unknown  members  or  stresses  does  not  equal  some  force  or 
stress  previously  determined. 

2.  A  calculation  of  one  of  the  unknown  forces  or  the  stress 
in  some  adjacent  member  that  may  assist  in  determining  one 
of  the  forces,  by  the  theory  of  moments. 

3.  Reversing  the  direction  of  a  member  in  the  frame 
diagram.  This  method,  which  is  known  as  the  solution  by 
the  reversal  of  the  diagonal,  as  it  involves  no  calculations,  is 
clearly  graphical,  surer  than  the  first,  and  more  expedient 
than  the  second. 
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These  three  methods  will  be  explained  in  conjunction  with 
the  solution  of  stresses  for  the  Fink,  or  Polonceau,  type  of 
roof  truss  shown  by  the  frame  diagram  in  Fig.  17. 

22.  Method  by  Symmetry.— The  Pink,  or  Polonceau, 
roof  truss  is  particularly  favored  by  many  on  account  of  its 
symmetrical  appearance,  and  from  the  fact  that  it  can  be 
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Fig. 17 


readily  and  economically  constructed.  There  is  a  difficulty, 
however,  in  analyzing  the  stresses,  from  the  fact  that 
when  the  joint  CDLKJI  is  attempted,  the  operation  is 
immediately 'halted  since  the  stresses  in  the  members 
DL,  LK,  and  KJ  are  unknown.  Likewise,  on  referring 
to  the  joint  JKNZ,  the  stresses  in  the  members  JK,  K N, 
and  A^Z  are  unknown.     By  studying  the  diagram  in  an  effort 
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to  determine  by  the  symmetry  of  the  truss  whether  any  of  the 
unknown  stresses  can  reasonably  be  supposed  to  have  the 
same  stress  as  another  member — the  stress  in  which  can  be 
determined — it  is  found  that  LM  mxist  have  the  same  stress 
as  HI;  this  being  true,  and  L  J^  being  the  reverse  of  Jf, 
necessarily  sustains  the  same  stress  from  the  foot  of  the  strut 
ML  as  IJ  obtains  from  the  foot  of  HI.  With  this  fact  in 
view,  commence  the  diagram  by  laying  out  a  portion  of  the 
load  line  from  a  to  /,  and  since  the  reactions  J?i  and  R,  are 
equal,  on  account  of  the  loads  being  symmetrical,  the  point  z 
will  be  located  midway  between  e  and  /.  Draw,  from  b,  an 
indefinite  line  extending  parallel  with  B  H  in  the  frame  dia- 
gram, and,  from  z,  a  line  kz  extending  parallel  with  HZ. 
The  point  of  intersection  will  be  ^  and  the  polygon  of  forces 
around  the  left-hand  joint  of  the  roof  truss  will  be  traced  in 
the  stress  diagram  from  a  to  ^  to  .^  to  z,  and  from  z  upwards 
to  the  starting  point  a.  The  joints  B  CI H  and  H IJ Z  can 
now  be  laid  out  in  the  stress  diagram  and  their  respective 
polygons  of  forces  obtained,  thus  locating  the  points  /  and  /. 
Now  the  difficult  joints  in  the  truss  are  encountered,  but 
it  has  been  suggested  that  ML  and  I H  carry  the  same 
stress.  Therefore,  it  is  evident,  on  inspection  of  the  frame 
diagram,  that  /  and  m  must  lie  somewhere  along  the  lines 
drawn  from  d  and  e  parallel  with  D L  and  EM.  It  is  also 
known  that  a  line  drawn  downwards  from  j  parallel  with  J K 
must  contain,  somewhere  along  its  length,  the  point  k,  but 
on  further  consideration  it  is  known  that  k  and  /  must  be 
connected  by  a  line  parallel  with  Z,  A'  in  the  frame  diagram, 
and  also,  which  is  still  more  important,  that  /  k  must  equal, 
in  length,  ij;  then  by  trial,  Ik  can  be  located  as  shown. 
The  point  m  is  also  located  and  the  diagram  completed  by 
drawing  from  m  a  line  parallel  with  M N  in  the  stress 
diagram,  which  line  will  pass  through  k  and  intersect  a 
line  drawn  from  z  parallel  with  N  Z  vn  the  frame  diagram 
at  the  point  n.  The  polygon  of  forces  around  this  last  joint 
J K N Z  reads  in  the  stress  diagram  from  /  to  k  to  n  to  z,  and 
from  z  back  to  /.  The  figure  being  thus  closed,  the  proof 
of  the  method  is  evident. 
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Since  the  truss  is  symmetrical  with  regard  to  a  vertical  cen- 
ter line  and  is  likewise  symmetrically  loaded,  the  other-half 
of  the  diagram  will  be  the  reverse  of  the  one  drawn,  and  the 
line  ^  ^  in  the  stress  diagram  will  be  an  axis  of  symmetry. 

23.  Method  by  Moments. — Again  referring  to  the 
frame  diagram,  Fig.  17,  it  is  observed  that  if  the  stress  in 
the  member  NZ  could  be  calculated,  the  joint  JKNZ  would 
no  longer  contain  three  unknown  forces  and  consequently 
could  be  solved  by  the  usual  graphical  method. 

The  stress  in  the  member  N Z  may  be  readily  calculated 
by  taking  moments  about  the  point  c;  that  is,  by  considering 
the  truss  as  hinged  at  this  point  with  all  the  loads  on  the 
rafter  members  tending  to  revolve  the  left-hand  half  of  the 
truss  in  a  direction  opposed  to  the  movement  of  the  hands  of 
a  watch,  while  R^,  the  left-hand  reaction,  opposes  this  move- 
ment and  tends  to  rotate  the  left-hand  half  of  the  truss  in  a 
direction  about  c  agreeing  with  the  movement  of  the  hands 
of  a  watch.  But  the  algebraic  sum  of  this  system  of  forces 
will  not  equal  zero,  so  that  the  member  N Z  must  be  able  to 
resist  such  a  stress  as  to  retain  equilibrium  of  rotation  for  the 
left-hand  half  of  the  truss.  The  moment  of  the  stress  in  the 
member  N Z  about  the  point  c  is  equal  to  the  product  of  its 
amount  by  the  perpendicular  distance  between  its  line  of 
action  and  the  point  in  question,  or  15  feet,  and  the  amount 
of  the  stress  in  this  member  can  be  obtained  by  dividing 
the  algebraic  sum  of  the  moments  of  the  external  forces 
/?.,  AB,  BC,  CD,  DE,  and  EF  about  the  point  c  by  15. 
For  instance,  the  moments  of  the  loads  on  the  rafter  mem- 
bers are  as  follows: 

Moment  oi  A B  =  1,000  X32=  32000  foot-pounds 
Moment  oi  B C  =  2,000  X24=  48000  foot-pounds 
Moment  of  CD  =  2,000  Xl6=  32000  foot-pounds 
Moment  oi  D  E  =  2,000  X    8  =     16  0  0  0  fool-pounds 

Moment  of  EF  =  2,000  X    0  =  0  foot-pounds 

Sum  of  moments  opposed  to  7?.  =  128000  foot-pounds 
The   moment  of  Rr  about  the  point  c  =   8,000  X  32   = 
256,000  foot-pounds.     If   the  sum  of    the  moments   for  the 
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loads  on  the  rafter  member  is  regarded  as  negative  and  the 
moment  of  R^  is  regarded  as  positive,  the  algebraic  sum 
of  the  moments  due  to  the  external  forces  on  one-half  of  the 
truss  about  the  point  c  will  equal  256,000  -  128,000,  or  128,000 
foot-pounds.  This,  divided  by  15,  equals  8,533  pounds,  the 
stress  in  the  member  N Z. 

The  amount,  8,533,  just  obtained,  may  now  be  laid  off  from 
the  point  z  in  the  stress  diagram  along  the  line  parallel  with 
the  member  N Z  in  the  frame  diagram  and  the  point  n  thus 
located.  Having  determined  the  point  n,  the  solution  of  the 
stresses  around  the  joint  J K N Z  is  readily  made.  By  sca- 
ling the  length  of  the  line  nz  'va.  the  stress  diagram,  which 
was  previously  drawn,  it  is  found  that  the  calculated  amount 
of  the  stress  in  the  member  N Z  agrees  with  that  obtained  by 
the  method  of  symmetry. 

Having  obtained  the  stress  in  the  member  N Z,  by  calcula- 
tion, no  difficulty  in  drawing  the  stress  diagram  will  be 
encountered,  for  by  the  solution  of  the  joint  JK N Z  the 
stress  in  the  member  J K  is  obtained.  Therefore,  since 
CI  and  I J  are  already  known,  there  remain  around  the 
joint  CDLKJI  only  the  two  unknown  forces  DL  and  LK. 
The  diagram  can  now  readily  be  completed  by  working 
around  the  other  joints. 

24.  Method  by  Reversal  of  Diagonal. — This  method 
consists  in  reversing  the  direction  of  a  diagonal  in  the  frame 
diagram,  in  order  to  determine  one  of  the  unknown  forces 
about  the  ]om.\.  D  E  M L  or  JKNZ,  Fig.  18.  The  omitted 
member  L  K  is  shown  light  in  the  frame  diagram,  and  is 
replaced  by  the  member  KM.  The  former  member  L  M, 
shown  dotted,  if  considered  in  the  frame  diagram,  will 
produce  a  joint  at  KMN  in  unstable  equilibrium  and 
consequently  the  stress  in  this  member  must  be  zero,  so  that 
it  is  disregarded  in  drawing  the  stress  diagram. 

By  omitting  the  useless  members  L  K  and  L  M,  the  frame 
diagram  becomes  as  shown  by  the  heavy  lines  and  the  stress 
diagram  may-  be  commenced.  The  load  line  and  the  points 
h,  i,  and  /  are  found  as  usual  and  the  stresses  in  the  joint 
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CD  KJ I  n\z.j  be  laid  out  in  the  stress  diagram  by  drawing  a 
line  from  rf  parallel  with  Z?A'and  an  intersecting  line  from 


stress  Diagram 
Scale  fi,lnch=600ll>. 


(b) 


Fig.  18 


the  point  /  parallel  with  JK,  the  point  of  intersection  being 
designated  as  ko. 

The  forces  around  the  joint  JKMN Z  may  be  found  by 
first  analyzing  the  joint  DEMK.     This  joint  is  laid  out  in 
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the  stress  diagram  by  drawing  a  line  from  e  parallel  with 
EM  and  by  describing  from  h,  a  line  parallel  with  KM  in 
the  frame  diagram.  In  this  way  m  is  located  at  the  inter- 
section of  these  two  lines.  The  joint  JICMNZmay  now  be 
solved  by  drawing  m  n  parajlel  with  M  N  'va.  the  frame 
diagram  and  locating  n  at  the  intersection  of  the  line  just 
drawn  and  the  line  2h.  The  points  n  and  m  having  been 
obtained,  the  omitted  members  L  K  anA.  L  M  may  be  replaced 
and  the  reverse  diagbnal  eliminated.  The  stress  diagram  is 
completed  for  the  original  truss  by  drawing  from  the  point  m 
a  line  m  I  parallel  with  ML  in  the  frame  diagram  and  extend- 
ing the  line  j  ka  to  its  new  intersection  k^  on  the  line  mn, 
the  diagram  being  closed  by  the  line  Ik^,  which  is  parallel 
with  LK,  and  the  extension  of  the  line  drawn  from  d 
parallel  with  D  L  m  the  frame  diagram.  It  will  be  observed 
that  the  reversal  of  the  diagonal  was  resorted  to  simply  in 
order  to  obtain  the  points  m  and  n,  and  consequently  the 
stress  represented  hy  mn  was  not  changed  in  any  way  by 
the  reversal  of  the  diagonal  L  K.  The  letters  kn  and/^i  are  used 
only  provisionally  with  the  reversed  diagonal  KM.  On 
replacing  the  diagonal  L  K,  the  letter  ka  is  dropped  and  k^ 
reverts  to  the  orginal  letter  k. 


QUADRILATERAL    ROOr  TRUSS 

25.  An  interesting  problem  that  involves  the  principles 
just  described  is  offered  by  the  frame  'diagram  shown  in 
Fig.  19  (iz),  which  is  the  skeleton  outline  of  a  roof  truss  that 
can  conveniently  be  used  for  spans  of  from  70  to  90  feet. 
The  lantern,  or  skylight,  the  outline  of  which  is  shown 
dotted,  may  be  of  light -work  erected  on  the  top  of  the  truss, 
so  that  its  weight  need  not  be  considered  in  proportioning 
the  members  in  the  frame  diagram.  The  truss  is  shown  with 
the  wind  acting  on  the  left-hand  side.  The  normal  wind  loads 
AB,  B  C,  CD,  and  D  E  are  calculated  from  the  normal  pres- 
sure on  the  roof  slope  acting  on  the  panel  area  supported  at 
each  joint,  while  the  load  iii^is  the  normal  load  on  one-half 
of  the  panel  and  includes  the  left-hand  reaction  of  the  wind 
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load  on  the  lantern,  or  skylight.  The  wind  load  FG  is  equal 
to  the  right-hand  wind  reaction  of  the  skylight.  The  truss  is 
considered  as  being  constructed  of  steel  and  provided  with  a 
roller  bearing  at  the  right-hand  end  to  allow  for  expansion; 
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the  other  end  of  the  truss  is  fixed.  This  condition  existing, 
the  direction  of  R^  is  known  to  be  vertical;  as  the  amount  of 
one  of  the  reactions  must  be  known  before  the  polygon  of 
external  forces  can  be  laid  out,  the  amount  of  R,  may  be 
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calculated  by  taking  moments  about  the  point  c,  that  is,  the 
point  of  application  of  i?,,  and  regarding  all  of  the  -loads  as 
giving  positive  moments.  Their  sum  is  obtained  by  the 
following  calculation: 

Moment  oi  AB  =  1,000  X    0         =  0  foot-pounds 

Moment  oi  B  C  =  2,000  x8  =  16000  foot-pounds 
Moment  oi  C  B  =  2,000x16  =  3  2  000  foot-pounds 
Moment  of  DE  =  2,000  X24  =  48000  foot-pounds 
Moment  of  EJ^  =  2,500  X32  =      80000  foot-pounds 

Moment  of  FG  =  1,000x45.666  =     45666  foot-pounds 
Sum  of  positive  moments  =  2  216  6  6  foot-pounds 

The  lever  arm  of  J?,  is  equal  to  the  span  of  the  truss  or 
71  feet,  so  that  the  amount  of  R,  is  equal  to  221,666  -r-  71 
=  3,122  foot-pounds.  This  result  having  been  obtained, 
construct  the  polygon  of  forces  shown  in  the  stress  diagram 
of  the  figure. 

26.  The  force  polygon  is  laid  out  by  marking  off,  to 
scale,  the  forces  ad,  be,  cd,  de,  ei,  and  tg,  then  laying  off 
upwards,  from  g,  the  amount  of  R,,  locating  in  this  way  the 
point  z.  By  connecting  z  and  a,  the  direction  and  amount 
of  Ri  is  obtained;  for  the  direction  of  R^  coincides  with  the 
line  a  z  and  its  amount  is  equal  to  the  distance,  according  to 
the  scale  of  the  diagram,  from  z  to  a.  The  stresses  in  the 
several  members  around  the  joint  AB  HZ  are  obtained  by 
drawing  from  b,  in  the  stress  diagram,  the  line  bh  parallel 
^ithB  H,  in  the  frame  diagram,  and  intersecting  this  line  with 
a  horizontal  line  from  z  that  is  parallel  with  the  member  HZ, 

The  solution  of  the  joint  B  CI H,  at  which  two  unknown 
forces  exist,  is  readily  made  by  drawing,  from  c,  a  line  parallel 
with  CI  and  extending  from  h  a  line  parallel  with  the 
member  HI,  thus  locating  the  point  i.  The  stresses  around 
the  joints  H IJ Z  and  CD  KJ I  are  likewise  drawn  without 
any  difficulty,  but  in  attempting  either  the  joint  D EMLK 
or  J K L  Q  Z,  three  unknown  forces  are  encountered.  There 
is  no  way  of  eliminating  this  difficulty  by  the  method  of 
symmetry,  for  no  symmetry  of  the  members  exists  in  this 
truss.     The  s-tress  in  <2  ^  or  FN  can  be  calculated  by  taking 
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moments  about  the  joints.  FGPON  or  JKLQZ,  but  as 
the  problem  can  be  more  readily  solved  by  reversing  the 
diagonal  LM,  this  method  will  be  employed.  It  may  be 
determined  by  inspection  that  the  extension  of  the  mem- 
ber O  Q,  shown  dotted,  is  of  no  use  when  the  wind  acts  on 
the  left-hand  portion  of  the  structure,  though  this  extension 
will  come  into  play  when  the  wind  load  acts  on  the  right- 
hand  portion  of  the  truss,  in  which  case  the  extension  of  the 
member  L  Q  will  be  subjected  to  no  stress,  as,  likewise,  will 
be  the  various  secondary  members  of  the  frame.  Redraw 
and  reletter  the  frame  diagram  with  the  diagonal  reversed, 
as  shown  in  {b) ,  and  proceed  with  the  stress  diagram  by 
drawing  from  the  point  k,  which  has  been  previously  found, 
the  line  km^  parallel  with  the  member  KM  in  the  frame 
diagram  {b).  This  line  will  intersect  a  line  drawn  from  e 
and  parallel  with  the  member  EM  aXvi^. 

Next  analyze  the  joint  EFN M,  as  shown  in  the  frame 
diagram  {b),  by  drawing,  from/,  an  indefinite  horizontal  line 
parallel  with  the  member  FN  and  extending,  from  m^,  a 
line  upwards  parallel  with  the  member  JVM,  thus  locating 
the  point  n.  The  joint  K M N QZJ  in  the  frame  diagram  {b) 
can  now  be  analyzed  by  drawing  from  n  a  line  parallel 
with  N Q.  Where  this  line  intersects  the  line  drawn  from  z 
horizontally,  or  parallel  with  Q  Z,  will  be  located  the  point  q 
and  the  diagram  for  the  truss  may  be  closed  by  a  line 
from  g  to  q,  which,  if  parallel  with  the  member  G  Q,  is  proof 
that  in  the  truss  with  the  diagonal  reversed,  the  diagram  is 
correct  and  accurately  drawn.  Since  the  points  n  and  q  have 
been  located  in  the  stress  diagram,  the  original  truss  with 
the  diagonal  ML,  as  shown  in  {a),  may  be  drawn,  and  the 
stresses  for  the  members  L  M  and  MN  obtained  by  drawing 
from  the  point  n  a  line  parallel  with  NM  in  the  origi- 
nal frame  diagram.  The  intersection  of  this  line  with 
the  line  em,  will  locate  the  point  m,  and  the  length  of  the 
line  nm  will  give  the  amount  of  the  stress  in  the  mem- 
ber NM.  If  the  line  «  q  is  extended  it  should  pass  through 
the  point  /,  when  Iq  will  indicate  the  stress  in  the  mem- 
ber LQ.     By  extending  a  line  from  m  parallel  with  LM 
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in  the  original  diagram,  until  it  intersects  km^  at  /,  the  stress 
in  this  member  may  be  obtained  by  measuring  the  length  of 
the  line  Int,  and  the  polygons  of  forces  about  the  joints  with 
three  unknown  forces,  which  prevented  the  further  analysis 
of  the  truss,  are  completed  and  the  stress  diagram  for  the 
original  truss  is  shown  by  the  heavy  lines.  The  auxiliary 
lines  that  it  was  necessary  to  draw  when  the  diagonal  was 
reversed  are  also  shown  in  the  stress  diagram. 

It  is  an  interesting  example  and  will  give  considerable 
practice  for  one  to  lay  out  the  stress  diagram  for  the  wind 
on  the  right-hand  side  of  the  truss,  considering  the  roller 
bearing  still  at  R^.  Likewise,  lay  out  the  stress  diagram 
for  the  vertical  loads,  and  if  both  diagrams  close  one  may 
be  reasonably  sure  that  they  have  been  correctly  drawn. 


FINK  TRUSS  WITH  CAMBERED  TIE-MEMBER 

27.  The  Polonceau,  or  Fink,  truss  is  frequently  built 
with  the  lower  chord  of  the  truss  cambered  (raised  at  the 
center),  as  shown  in  view  (a).  Figs.  20and21.  Cambering 
the  lower  chord  in  this  manner  gives  greater  headroom 
under  the  truss  at  the  center,  and  somewhat  improves  its 
appearance;  but  it  increases  the  stresses  on  all  the  members 
except  K L,  ML,  and  ON,  and  the  corresponding  mem- 
bers on  the  other  side  of  the  truss. 

28.  Diagram  for  "Vertical  lioads. — Fig.  20  (a)  is  a 
frame  diagram  showing  the  vertical  loads  on  a  Fink  truss, 
the  span  of  which  is  80  feet,  while  the  lower  chord,  or  tie, 
is  cambered  from  the  horizontal  28  inches.  The  stress  dia- 
gram for  the  vertical  loads  may  be  drawn,  as  shown  in 
Fig.  20  (i5),  by  first  drawing  the  vertical  load  line  a  /,  and  lay- 
ing off,  to  some  convenient  scale,  the  loads  ab,bc,cd,  de,  and 
^/ designated  in  the  'frame  diagram  by  AB,  B  C,  CD,  D  E, 
and  EF.  Since  the  truss  is  symmetrically  loaded,  only  one- 
half  of  the  stress  diagram  need  be  drawn,  and  consequently 
the  loads  only  as  far  as  e/  need  be  laid  off  on  the  vertical 
load  line.  The  reactions  Ri  and  R^  are  each  equal  to  one-half 
the  load,  or  18,000  pounds;   hence,  the  point  z  is  located 
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midway  between  e  and  /,  and  z  a  represents  the  reaction  R^, 
18,000  pounds. 

The  stresses  around  the  joint  A  B  K' Z  may  be  drawn  in 
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Fig.  20 

the  stress  diagram  by  commencing  at  b  and  drawing  bk 
parallel  with  B  K,  and  from  z,  a  line  parallel  with  K Z, 
intersecting   the  first   line    at   k.     The   polygon   of   forces 
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around  this  joint  will  then  be  from  a  to  /5  to  /^  to  z,  and  from 
z  back  to  a,  the  starting  point.  From  the  direction  of  these 
forces,  the  correct  direction  of  the  arrowheads  in  the  frame 
diagram  may  be  mai-ked,  and  from  their  direction  the  kind 
of  stress  on  the  member  is  observed. 

The  next  joint  in  the  truss  to  be  analyzed  is  B  CL  K.  In  the 
stress  diagram  begin  at  c  and  draw  c  I  parallel  with  C L  in 
the  frame  diagram,  then  from  k,  draw  a  line  parallel  with 
LK in  the  frame  diagram,  until  it  intersects  the  line  drawn 
from  c  at  the  point  /.  The  polygon  of  forces  around  the 
joint  is  from  b  to  c  to  I  to  k,  and  from  k  back  to  6,  the 
starting  point. 

Around  the  joint  KLMZ,  the  stresses  are  obtained  by 
drawing  from  /  a  line  parallel  with  L  M  va.  the  frame 
diagram,  until  it  intersects  the  line  ^,^  at  the  point  m. 
The  polygon  of  forces  around  this  joint  is  from  ^  to  / 
to  m  to  z,  and  from  z  back  to  k,  the  starting  point. 

Difficulty  will  be  encountered  on  attempting  to  analyze 
either  the  joint  CD  O  N ML  or  MNQ  Z,  for  at  each  of  these 
joints  there  are  three  unknown  forces  or  stresses.  The 
difficulty  may,  however,  be  overcome  by  applying  either  of 
the  three  methods  given  in  Art.  21.  For  instance,  by 
reversing  the  diagonal  NO  and  leaving  the  member  O P  o\xt 
of  consideration,  a  provisional  point  n^  is  located  on  a  line 
d7ii  drawn  parallel  with  DO.  By  means  of  «i,  the  point  p 
is  located  on  the  line  ep,  after  which  the  diagonal  NO  may 
be  replaced  and  the  truss  considered  in  its  original  form. 

The  remaining  joints,  when  taken  in  their  usual  order,  offer 
no  difficulty,  and  the  other  half  of  the  diagram  need  not  be 
drawn  unless  it  is  desired  to  check  the  half  just  completed. 

The  polygon  of  forces  that  is.  traced  in  going  around  the 
joint  C D  O  N M L  affords  a  good  illustration  of  the  rule, 
that  the  forces  that  meet  at  a  joint  must  make  a  closed 
polygon  in  the  stress  diagram. 

One  of  the  peculiarities  of  the  stress  diagram.  Fig.  20  {b), 
and  one  that  is  worthy  of  note,  as  it  will  materially  assist  in 
drawing  the  diagram,  is  that  the  triangles  I  km  andpon  are 
equal  and  are  similar  to  the  larger  one  whose  base  is  m  n. 
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29.  The  -wind-stress  dlagi-ain  may  now  be  drawn. 
First  the  frame  diagram  is  redrawn,  and  on  it,  as  shown  in 
Fig.  21  (a),  are  designated  the  wind  loads  acting  at  the 
several  joints  of  the  truss,  in  a  direction  normal  to  the  slope 
of  the  roof. 

The  reactions  J?^  and  i?,  may  be  calculated  by  the  principle 
of  moments.  Since  the  truss  is  securely  fastened  at  both 
ends,  neither  end  being  free  to  move  in  a  lateral  direction, 
these  reactions  will  be  parallel  with  the  action  of  the  wind  on 
the  roof,  that  is,  normal  to  the  slope.  The  reaction  i?,  may 
first  be  obtained  by  extending  its  line  of  direction  until  it 
intersects  the  extension  of  the  left-hand  rafter  member 
at  the  point  a'.  Then  by  taking  the  center  of  moments  at 
the  left-hand  reaction  Rx,  the  magnitude  of  the  reaction 
7?2  may   be   computed. 

For  convenience,  reduce  to  feet  and  decimals  the  distance 
from  each  panel  point  to  the  point  of  rotation  /?,;  the 
moments  about  this  point  will  then  be  as  follows: 

5,625  X  11.188  =  6  2  9  3  2.5  0  foot-pounds 

5,625  X  22.375  =  1  2  5  8  5  9.3  8  foot-pounds 

5,625  X  38.568  =  1  8  8  7  9  1.8  8  foot-pounds 

2,813  X  44.750  =  1  2  5  8  8  1.7  5  foot-pounds 

Total,  5  0  3  4  6  5.5  1  foot-pounds 

The  distance  of  the  center  of  moments  of  the  line  of 
action  of  the  reaction  J?,  is  44.75  +  27  =  71.75  feet,  and 
503,465.51  -=-  71.75  =  7,016,  the  magnitude  of  the  reaction 
i?,,,  in  pounds. 

Since  the  sum  of  the  wind  loads  is  22,501  pounds,  which 
is  equal  to  the  sum  of  the  reactions,  the  reaction  due  to  the 
wind  at  Ji,  is  22,501  -  7,016  =  15,485  pounds. 

To  construct  the  wind-stress  diagram.  Fig.  21  (d),  draw  the 
load  line  from  a  to/  parallel  to  the  reactions  and  direction  of 
the  wind  loads  at  the  several  joints.  Then  lay  off  on  the 
load  line  the  loads  qi>,  be,  cd,  de,  and  ef,  which  are,  respect- 
ively, equal  to  the  corresponding  loads  AB,  BC,  CD,  D  E, 
and  EF  in  the  frame  diagram.  Having  located  the  point  /, 
the  magnitude  of  the  reaction  R,,  represented  by  fs,  may  be 
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laid  off   upwards  (the  direction  in  which   it  acts),  and  the 
point  z  thus  located;  then  on  scaling  za,  it  should  be  found^ 


Frame  Dia^ram-^V/rK/ Loaa 
(a) 


\ 


Scale:£in.'1300  Ih. 

Stress  Dia^ram-W/nd  Lpad 

Fig.  21 

equal  to  15,485  pounds,  the  reaction  R^.  The  polygon  of 
external  forces  will  then  be:  from  a  to  iJ  to  f  to  rf  to  ^  to  /  to  z, 
and  from  z  to  a,  the  starting  point. 
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The  joint  CD  O  NML  may  be  solved  in  this  stress  dia- 
gram in  the  same  manner  as  it  was  solved  in  the  vertical- 
load  stress  diagram.  The  analysis  of  stresses  around  the 
last  joint  EFRQP  in  the  frame  diagram,  is  interesting, 
from  the  fact  that  the  stress  q  r  closes  the  diagram,  and,  it 
the  diagram  is  correctly  drawn,  this  line  must  be  parallel 
to  the  member  Q  R. 

TABLE  II 


Member 

Stress  Due  to 

Vertical  or  Dead 

Load 

Stress  Due  to 
Wind  Load 

Total  Stress 

BK 

-1-46,000 

+  34,500 

+  80,500 

CL 

-1-44.000 

+  34,500 

+  78,500 

DO 

-1-42,000 

+  34,500 

+  76,500 

EP 

-f- 40,000 

+  34.500 

+  74,500 

KL 

-1-    4,000 

+    5,500 

+    9,500 

MN 

-|-    8,000 

+  11,250 

+  19,250 

OP 

-1-    4,000 

+    5,500 

+    9,500 

ZK 

-41,500 

-36,750 

-78,250 

ZM 

-35,500 

—  28,500 

—  64,000 

ZQ 

—  21,000 

—  11,000 

—  32,000 

QN 

-15,500 

—  18,500 

-34,000 

QP 

—  21,500 

—  26,000 

-47,500 

FR 

+  17,000 

RQ 

—    2,000 

NO 

-    5,750 

—    8,000 

-13,750 

LM 

-    5,750 

—    8,000 

-13,750 

Having  drawn  both  the  wind-  and  the  vertical-load  stress 
diagrams,  the  stresses  in  the  several  members  in  the  truss 
may  be  obtained  by  scaling,  and  their  magnitudes  may  be 
tabulated  as  in  Table  II. 

In  Table  II,  compression  is  indicated  by  the  plus  sign 
and  tension  by  the  minus  sigm 
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CRESCENT    TRUSS    OE    SMALL,    SPAN 

30.  In  the  solutions  for  determining  the  stresses  in  roof 
trusses,  two  stress  diagrams  have  been  considered:  the  one 
for  the  vertical  load  on  the  roof  truss  and  the  other  for  the 
wind  load  taken  normal  to  the  roof  slope,  and  a  combination 
of  the  stresses  in  the  several  members  determined  by  these 
diagrams  has  been  assumed  to  give  the  maximum  stresses 
in  the  members  throughout  the  truss.  The  assumption  that 
the  maximum  stress  is  attained  by  combining  the  results  of 
the  full  vertica.  ''oad  and  the  wind-load  diagrams  is  usually 
on  the  side  of  satei3',  though  there  are  occasions  when  the 
combination  of  these  two  diagrams  does  not  give  the  max- 
imum stress  in  the  members  and  the  conditions  as  expressed 
by  such  a  method  can  seldom  exist.  In  the  design  of  a 
large  roof  truss,  therefore,  where  economy  is  a  considera- 
tion, it  is  best  to  draw  seveial  diagrams  and  combine  the 
stresses  found  by  several  combinations  of  these  diagrams; 
the  actual  conditions  as  they  will  occur  under  varied  wind 
and  snow  loads  may  then  be  approached.  It  is  usual,  there- 
fore, to  draw,  first,  the  dead  load  exclusive  of  the  snow  load; 
second,  a  diagram  of  the  truss  including  the  entire  snow 
load;  third,  a  diagram  of  the  wind  load  acting  on  the  roof 
truss  from  both  the  right  and  the  left,  the  different  directions 
giving  different  stress  diagrams  if  the  truss  is  supported 
on  rollers  at  one  end;  fourth,  stress  diagrams  that  will 
represent  the  snow  load  on  the  leeward  side  of  the  truss  and 
the  wind  load  acting  on  the  windward  side;  that  is,  stress 
diagrams  that  will  give  the  stresses  in  the  several  members 
of  the  roof  truss,  when  one  side  of  the  truss  is  covered  with 
snow  and  the  wind  blows  with  its  maximum  velocity  on  the 
other  side. 

This  latter  condition  is  the  one  that  will  be  especially 
considered  in  this  problem;  that  such  a  condition  may  be 
approached  is  reasonable  from  the  fact  that  when  the  wind  is 
blowing  with  its  maximum  velocity  of  80  or  100  miles  an  hour, 
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no  snow  can  possibly  be  supported  on  one  side  of  the  roof 
truss,  though  a  full  snow  load  may  exist  on  the  other  side. 

In  Fig.  22  (a)  is  shown  the  frame  diagram  of  a  crescent- 
shaped  roof  truss  with  the  web  members  arranged  similar  to 
a  Howe  truss.  The  lower  chord  is  cambered  8  feet  6  inches 
to  comply  with  the  conditions  imposed  by  the  architectural 
treatment  of  the  interior  of  the  building.  The  span  of  the 
truss  is  80  feet,  its  total  rise  from  the  springing  line,  or  level 
of  the  foot  of  the  truss,  is  25  feet,  and  the  radii  of  the  top 
and  bottom  chords  are  44  feet  6  inches  and  96  feet  5  inches, 
respectively.  On  the  left-hand  portion  of  the  truss  at  each 
panel  point  are  designated  the  snow  loads,  while  on  the  right- 
hand  half  is  shown  the  resultant  wind  pressure  at  the  several 
panel  points.  There  being  no  load  or  wind  pressure  at  the 
two  ends  of  the  truss,  the  letters  B  and  /  are  omitted  and  the 
first  and  last  loads  are  termed  A  C  and  HJ,  respectively. 

In  determining  the  snow  loads  on  the  left-hand  portion  of 
the  truss,  it  might  be  considered  that  the  slope  of  the  upper 
chord,  and  consequently  of  the  roof  in  the  panel  A  K,  is  so 
steep  as  to  preclude  the  lodgment  of  any  snow  on  it.  In 
this  particular  instance,  however,  since  the  walls  of  the 
building  terminate  in  a  parapet,  which  would  be  likely  to 
cause  the  lodgment  of  considerable  snow  depending  for  its 
support  on  a  portion  of  the  chord  AK,  it  was  considered 
advisable  to  assume  the  panel  load  ^  C  as  made  up  of  a 
snow  load  equal  to  8  pounds  per  square  foot  on  one-half  of 
the  chord  A  K,  and  of  12  pounds  per  square  foot  on  one-half 
of  the  chord  CL.  Since  the  principals,  or  roof  trusses,  are 
18  feet  from  center  to  center  and  the  distance  from  panel 
point  to  panel  point  is  12  feet  6  inches,  the  vertical  loads 
due  to  the  snow  at  the  several  panel  points  may  be  deter- 
mined by  the  following  calculation: 

Part  oiAC  =    6.25  x  18  X    8  =  900 

•  Part  of  ^  C  =  -  6.25  X  18  X  12  =  1,350     2,250 

CD  =  12.50  X  18  X  12  =  2,700 

DE=  12.50  X  18X  12  =  2,700 

EF  =     6.25  X  18  X  12  =  1,350 
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In  calculating  the  amount  of  the  wind  resultant  at  the 
several  points  on  the  right-hand  side  of  the  truss,  it  is 
advisable  to  calculate  the  pressure  normal  to  the  curve  of 
the  roof  slope  or  the  upper  chord;  that  is,  perpendicular  to 
tangents  at  these  points,  or  in  the  direction  of  the  radius 
drawn  through  its  point  of  application.  These  normal  pres- 
sures can  be  calculated  by  Button's  formula,  or  found  from  a 
table  giving  the  values  for  roof  slopes  of  different  pitches. 
It  was  in  this  manner  that  the  wind  loads  were  determined 
in  laying  out  the  stress  diagram  in  Fig.  22  (a).  The  above 
formula  and  table  are  given  in  Loads  in  Structures. 

31.  Determining  "Wind  Pressure  on  Truss  Witli 
Curved  or  Broken  Upper  Chord. — A  method  for  deter- 
mining the  wind  pressures  at  the  several  panel  points  on  a 
truss  with  a  curved  or  broken  upper  chord,  which  is  usually 
suificiently  accurate  for  all  practical  purposes,  is  shown  in 
Fig.  22  [e) .     It  is  based  on  the  following  rule: 

Kule  I.^ — The  wind  pressure  normal  to  an  inclined  surface 
varies,  approximately ,  as  the  sine  of  the  angle  that  this  surface 
makes  with  the  horizon. 

The  roof  slope,  in  this  instance,  being  a  curved  surface,  a 
tangent  drawn  through  the  point  where  the  wind  resultant  is 
supposed  to  act  will  represent  the  incline.  Referring  to 
Fig.  22  {e) ,  the  wind  resultant  d^  d  is  acting  at  the  point  d, 
through  which  a  tangent  dd^  is  drawn.  According  to  the 
above  rule  the  wind  pressure  dd^,  normal  to  the  roof,  will  vary 
with  the  sine  of  the  angle  a,.  By  drawing  line  d^  d^  parallel  to 
dd,,  a  right  triangle  d  d,.  d^  is  produced,  in  which  the  hypote- 
nuse dd,,  and  the  angle  «,  are  given,  or,  if  not,  may  be  calcu- 
lated as  shown  below.  The  side  d-,  d^  may  then  be  found  by 
means  of  the  function  d^^d^  —  sin  a,.  X  d  d^.  Assuming  that 
the  side  d  d^  represents  the  wind  resultant  of  40  pounds  per 
square  foot  and  that  the  angle  a^  is  48°,  the  side  d^  d^  =  sin  48° 
X  40  =  .743  X  40  =  29.7  pounds.  By  drawing  d,  d,  parallel 
to  the  tangent  d  d^,  a  triangle  equal  to  dd^d,  will  be  formed, 
in  which  the  angle  a,  is  equal  to  «,,  and  the  side  dd,  is  equal 
to  did,.     The  normal  wind  pressure  d d,  will,  therefore,  be 
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proportional  to  the  sine  of  the  angle  «..  For  obvious  reasons, 
the  triangle  e  dp  is  similar  to  either  of  these  triangles,  the 
angle  a^  being  equal  to  «,  and  a,.  Therefore,  if  these  angles 
are  not  known  they  may  be  found  by  means  of  the  function: 

the  distance  de  being  found  from  the  drawing  and  the  radius 
calculated,  if  not  given,  by  means  of  the  rise  of  25  feet  and 
the  total  length  of  80  feet. 

Other  wind  resultants  are  shown  at  the  points  /  and  h,  and 
for  the  reason  already  given,  it  is  obvious  that  the  angles 
b^  and  c,  are  equal  to  b^  and  c^,  respectively.  If  these  angles 
are  not  known  they  may  be  found  by  the  following  rule: 

Rule  II. — The  sine  of  an  angle  is  the  quotient  of  the  oppo- 
site side  divided  by  tlie  hypotenuse. 

The  hypotenuse  in  this  case  is  equal  to  the  radius  of  the 
arc,  and  the  side  opposite  the  angle  is  one-half  of  the  chord 
of  the  arc  enclosed  by  twice  the  angle. 

The  problem  may  be  solved  graphically  in  the  following 
manner:  Let  the  line  dd^  represent  the  pressure  per  square 
foot  of  the  wind  resultant,  drawn  to  any  convenient  scale. 
From  its  outer  end,  draw  a  line  rf,  d^  perpendicular  to  the 
extended  radius/  d;  then  the  length  of  the  line  dd^  will  give  the 
normal  wind  pressure  per  square  foot,  measured  to  the  same 
scale.  Or  the  line  dd^  may  represent  the  total  panel  pressure 
at  this  place,  based  on  a  pressure  of  40  pounds  per  square  foot, 
when  the  line  d  d,  will  give  the  reduced  pressure  normal  to 
the  panel,  or  to  the  tangent  representing  two  adjoining  panels. 
In  a  similar  manner,  the  normal  pressures  are  found  at  the 
points / and  ^  by  laying  off  the  lines  //i  and  h  /z,  equal,  in  length, 
to  ddi  and  drawing  the  lines  /,  4  and  h^h^  normal  to  the 
extended  radii  p  f  and p  h,  respectively,  when  the  lines  /^  /  and 
h,  h  will  represent  the  normal  wind  pressures  at  these  points. 

The  normal  pressure  may  also  be  found  by  means  of  the 
following  proportion:  d  p  :  d  e  =  \h&  wind  resultant  d  d^  :  to 
the  normal  pressure  d,  d.  Replacing  d,  d  by  the  letter  x  and 
giving  the  other  terms  their  respective  values:  dp  =  44.5, 
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de  =  33,  dd^  =  40,  we  have  44.5  :  33  =  40  :  .^,  therefore, 

X  =  §?J<^40  ^  29.7  pounds  per  square  foot. 
44.5 

Following  the  same  method  /,/  =  — ^— —  =21.2  pounds 

and  h,h  =  ^^^  =  10.936  pounds. 
44.5 

It  will  be  observed  that  no  resultant  wind  pressure  was 
introduced  in  the  frame  diagram  at  the  point  EF  or  at  the 
right-hand  springing  point.  This  is  reasonable  from  the 
fact  that  the  crown  of  the  truss  is  so  near  a  fiat  surface  that 
the  wind  pressure  will  be  almost  imperceptible  on  the  upper 
half  of  the  panel  member  FR.  Similarly,  the  parapet  wall 
will  so  protect  the  lower  half  of  the  panel  member  JX  that 
it  would  be  useless  to  consider  the  wind  pressure  against 
this  portion  of  the  roof  surface. 

It  is  now  assumed  that  all  the  external  forces  on  this  roof 
truss  have  been  determined  except  the  reactions.  It  is 
assumed  that  the  right-hand  end  of  the  truss  is  on  rollers  and 
that  consequently  the  reaction  R,  is  vertical.  Its  amount,  how 
ever,  is  as  yet  unknown,  and  the  direction  and  amount  of 
the  reaction  R^  can  be  ascertained  only  by  completing  the  poly- 
gon of  external  forces.  In  order  to  do  this,  the  amount  of  the 
reaction  i?^  must  be  ascertained  by  taking  the  moments  of  both 
the  vertical  and  wind  panel  loads  about  the  point  of  applica- 
tion of  the  reaction  R,.  or  around  the  left-hand  abutment  of 
the  truss.  The  moments  of  these  forces  being  the  products 
obtained  by  multiplying  the  intensity  of  the  force  by  its  lever 
arm  or  the  perpendicular  distance  from  its  point  of  action  to 
the  point  of  rotation  or  center  of  moments,  their  sum  may  be 
ascertained  by  the  following  notation: 

Moment  of  ^  C  =  2,250  X    7  =      1  5  7  5  0  foot-pounds 

Moment  of  CD  =  2,700  X  16.4167  =  4  4  3  2  5  foot-pounds 
Moment  oi  D  E  =  2,700  X  27.8333  =  7  515  0  foot-pounds 
Moment  of  ^/^  =  1,350  X  40  =      5  4  000  foot-pounds 

Moment  of  FG  =  3,375  X  43.8333  =  14  7  9  8  7  foot-pounds 
Moment  of  GH=  6,300x44.3333  =  2  7  9  3  0  0  foot-pounds 
Moment  of  HJ  =  8,438  X  41.4167  =  349474  foot-pounds 

9  6  5  9  3  6  foot-pounds 
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The  sum  of  the  moments  about  the  left-hand  abutment 
equals  965,936  foot-pounds.  The  lever  arm  through  which 
the  reaction  R^  acts  around  the  center  of  moments  at  the 
left-hand  abutment  is  equal  to  the  span,  or  80  feet,  and  as 
the  moment  of  R,  about  this  point  must  equal  the  sum  of 
the  moments  of  the  vertical  and  wind  loads  at  the  panel 
points,  the  value  of  R,  is  found  by  dividing  965,936  by  80, 
which  gives  12,074.2  pounds.  The  stress  diagram  for  the 
combined  snow  and  wind  load  may  now  be  commenced  by 
laying  out  the  polygon  of  external  forces,  in  which  way  the 
amount  and  direction  of  the  reaction  R^,  will  be  determined. 

32.  In  Fig.  22  (b)  is  shown  the  stress  diagram  for  the 
truss  loaded  as  shown  in  (a).  This  diagram  is  drawn  to  a 
scale  of  600  pounds  to  to  inch.  Lay  off  the  vertical  loads 
A  C,  CD,  D  E,  and  E F  on  the  load  line  in  the  stress  dia- 
gram, to  scale,  as  shown  at  ac,  cd,  de,  and  e/,  respectively. 
From  /,  in  the  stress  diagram,  lay  off  the  oblique  lines  fg, 
gh,  and  ^/representing  the  resultant  wind  pressures  at  the 
several  panel  points  at  the  right-hand  side  of  the  truss. 
From  /,  extend  the  vertical  line  upwards  and  lay  off  the  dis- 
tance i z  equal  to  the  amount  of  reaction  R,,  or  12,074.2 
pounds.  The  point  z  having  been  thus  located,  draw  a  line 
connecting  it  with  the  point  a  and  by  so  doing  determine,  by 
the  direction  and  the  length  of  the  line  za,  the  amount  and 
direction  of  the  reaction  7?,.  The  polygon  of  external 
forces  is  now  completed  and  includes,  as  in  every  case  of 
graphical  statics,  both  the  loads  and  their  several  reactions. 
In  going  around  the  polygon  of  forces,  following  the  direc- 
tion from  the  left  to  the  right  in  the  frame  diagram,  the 
forces  are  ac,  c d,  de,  ef,  fg,  g k,  hj,  and  from  /  to  z,  and 
from  z  back  to  a,  the  starting  point.  This  closes  the  poly- 
gon of  external  forces  and  the  stress  diagram  may  be 
completed  by  working  around  each  point,  conveniently 
commencing  at  the  left-hand  end  of  the  truss. 

Start  the  diagram  by  working  around  the  joint  AKZ, 
drawing  from  the  point  a,  in  the  stress  diagram,  the  line  a  k 
parallel  with  A  K,  in  the  frame  diagram,  and  extending  from  z 
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the  line  ^s' parallel  with  the  member  K Z,  the  intersection 
of  the  two  lines  being  the  point  k.  It  will  be  necessary 
now  to  go  around  the  joint  K M Z,  for  around  the  joint 
A  C L  M /i" there  are  more  than  two  unknowns.  Therefore,  in 
the  stress  diagram  (d),  draw  from  the  point  k  an  indefinite 
line  k  m  parallel  with  KM,  in  the  frame  diagram,  and  from  z 
extend  a  line  in  the  direction  oi  zm  parallel  with  MZ,  in 
this  way  locating  the  point  m  at  the  intersection  oi  km  and 
z  m.  The  analysis  of  the  stresses  around  the  joint  A  CL  M K 
is  now  clear  and  they  may  be  determined  by  drawing 
from  c  an  indefinite  line  parallel  with  CZ^,  and  from  m  a  line 
parallel  with  ML,  upwards  and  to  the  left,  intersecting  the 
line  drawn  from  c  at  the  point  /.  The  polygon  of  forces 
around  this  latter  joint  will  then  be  from  a  to  c  to  /  to  m  to  k 
and  from  k  back  to  the  starting  point  a.  Each  joint  may, 
in  turn,  be  analyzed  in  this  manner  and  the  diagram  com- 
pleted as  shown. 

The  diagram  for  the  dead  load,  exclusive  of  the  snow  load, 
is  shown  in  Fig.  22  (c) ,  the  dead  loads  on  the  panel  points 
being,  in  this  instance,  practically  the  same  as  the  snow  loads. 
In  Fig.  22  {d)  is  designated  the  diagram  for  the  wind 
load  on  the  left-hand  slope  of  the  truss,  neglecting  the 
snow  load,  and  a  similar  diagram  for  the  wind  load  on  the 
right-hand  portion  of  the  truss,  neglecting  the  snow  load, 
might  be  drawn. 

CRESCENT    TKTJSS    OF    LARGE    SPAN 

33.  The  crescent  roof  truss  of  large  span,  shown  in 
Fig.  23  {a),  is  an  excellent  truss  for  exposition  buildings, 
car  barns,  and  similar  structures:  Its  elements  are  the  top 
and  bottom  chords  and  the  web  members.  While  the  web 
members  are  arranged  entirely  for  utility  they  do  not  present 
an  unpleasing  appearance.  The  lower  member  of  this  truss 
is  usually  cambered,  as  shown  on  the  drawing.  Both  the 
top  and  bottom  can  be  arranged  on  segments  of  circles  or 
the  panel  points  may  be  located  by  means  of  ordinates  from 
a  top  or  bottom  horizontal  line,  as  shown  in  the  figure.  It 
is    proposed,   in    analyzing    this    truss,   that    four  diagrams 
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be  drawn:  First,  the  dead-load  diagram  {b);  second,  the 
wind-load  diagram  {c);  third,  the  snow-load  diagram  {d); 
fourth,  a  stress  diagram  (<?),  considering  the  truss  as  being 
subjected  to  a  snow  load  on  one  side  and  the  maximum  wind 
load  on  the  other. 

In  calculating  the  panel  loads  for  the  frame  diagram 
necessary  to  draw  the  dead-load  diagram  shown  in  Fig. 23  {b), 
the  weight  of  the  principal,  or  roof  truss,  and  the  roof  cover- 
ing was  considered;  and  in  the  calculation  for  all  of  the  loads 
at  the  several  panel  points,  it  was  assumed  that  the  roof 
trusses  were  placed  16  feet  from  center  to  center.  The  dead- 
load  diagram  offers  no  difficulty,  and  as  the  truss  is  symmet- 
rically loaded,  only  one-half  the  diagram  need  be  drawn. 
The  loads  and  reactions  lie  in  vertical  lines,  so  that  the  load 
line  is  a  single  straight  line  extending  from  a  to  p  and  the 
polygon  of  external  forces  for  the  dead  loads  is  drawn  from 
«  to  1^  to  f  to  p,  back  to  z,  then  to  the  starting  point  a.  It  will 
be  found  by  working  around  the  truss  that  at  any  joint  there 
will  not  exist  more  than  two  unknown  forces. 

In  drawing  the  wind-stress  diagram  {c) ,  it  is  assumed  that 
the  right-hand  end  of  the  truss  is  on  rollers  and  consequently 
that  the  reaction  is  vertical  at  this  point.  Since  the  direction 
of  R^,  or  the  right-hand  reaction,  is  known,  its  amount  can  be 
readily  calculated  by  taking  moments  about  the  point  c,  or 
the  left-hand  reaction.  The  lever  arms  may  be  obtained  by 
scaling  the  lengths  of  lines  from  the  center  of  moments  c 
perpendicular  to  the  lines  of  action  of  the  wind  at  each  panel 
point.     The  calculation  is  as  follows: 

Moment  of  ^  ^  =  1,600  X       0  =  0  foot-pounds 

Moment  ot  B  C  =  3,100  x    9.8  =  3  0  3  8  0  foot-pounds 

Moment  of  C/?  =  2,600  X  19.4  =  5  0  4  4  0  foot-pounds 

Moment  oi  D  E  =  2,100  X  28.6  =  6  0  0  6  0  foot-pounds 

Moment  of  EF  =  1,600  X  37.3  =  5  9  6  8  0  foot-pounds 

Moment  of  /^(?  =  1,200  X  45.5  =  5  4  6  0  0  foot-pounds 

Moment  oiGH  =      800  X  53.5  =  4  2  8  0  0  foot-pounds 

Moment  oi  H I  =      300  X  61.5  =  18  4  5  0  foot-pounds 

Sum  of  moments  =  316  4  10  foot-pounds 
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The  leverage  of  the  right-hand  reaction,  since  it  acts  verti- 
cally, is  equal  to  the  span  of  Ihe  truss,  or  120  feet;  and 
316,410  H-  120  =  2,637  pounds,  the  amount  of  the  reaction  R,. 
In  laying  out  the  stress  diagram,  draw  the  load  line 
ab,  be,  cd,  de,  ef,  t g,  gh,  and  h  i,  being  careful  to  designate 
each  force  in  its  true  length  and  direction,  as  each  force  acts 
in  a  different  direction.  When  the  point  z,  which  is  the  ter- 
mination of  the  last  wind  load,  has  been  located,  the  reaction 
R^  can  be  drawn  vertically  and  its  amount,  2,637  pounds, 
laid  off  to  scale,  thus  locating  the  point  z.  By  connecting" 
z  and  a  the  amount  and  direction  of  the  left-hand  reaction, 
which  is  oblique,  since  the  end  of  the  truss  is  fixed,  are 
determined.  The  diagram  may  then  be  completed,  when  it 
will  have  the  appearance  shown.  The  reactions  correspond- 
ing to  this  stress  diagram  are  shown  to  the  left  and  right  of 
the  truss  in  Fig.  23  (/)  and  (g). 

Moment  of  ^i5=  1,600  X         0  =  0  ft.-lb. 

Moment  oi  B  C  =  3,100  X      9.8  =  30380  ft.-lb. 

Moment  of  CD  =  2,600  X    19.4  =  50440  ft.-lb. 

Moment  of  Z*^  =  2,100  X    28.6  =  6  0  0  6  0  ft.-lb. 

Moment  of  £'/'=  1,600  X    37.3  =  5  9  6  8  0  ft.-lb. 

Moment  of  FG  =  1,200  X    45.5  =  5  4  600  ft.-lb. 

Moment  of  G  7/ =      800  X    63.5  =  4  2  8  0  0  ft.-lb. 

Moment  of  HI,  =      300  X    61.5  =  18  4  5  0  ft.-lb. 

Moment  of  /,  /  =  1,250  X    60.0  =  7  5  0  0  0  ft.-lb. 

Moment  of    IJ  =  2,500  X    68.583  =  17  14  5  8  ft.-lb. 

Moment  oi  J  K  =  2,500  X    77.1667  =  19  2  917  ft.-lb. 

Moment  of  KL  =  2,500  X    85.75  =  214  3  7  5  ft.-lb. 

Moment  of  Z,  y?/ =  2,500  X    94.333  =  2  3  5  8  3  3  ft.-lb. 

Moment  of  MN  =  2,500  X  102.9167  =  2  5  7  2  9  2  ft.-lb. 

Moment  of  A^O  =  2,500  X  111.6  =  2  7  8  7  5  0  ft.-lb. 

Moment  of  OP  =  1,250  X  120.0  =  15  0000  ft.-lb. 

Sum  of  moments  =  1892035  ft.-lb. 

Dividing  this  sum  by  the  span  gives  1,892,036  ^  120,  or 
15,767  pounds,  as  the  right-hand  vertical  reaction,  which  is 
shown  in  Fig.  23  (k).  The  load  line  may  now  be  laid  out 
in  the  stress  diagram  as  shown. 
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The  stress  diagram  for  the  snow  load,  which  is  assumed 
to  be  2,500  pounds  on  each  panel,  is  shown  in  Fig.  23  {d). 
As  will  be  observed,  this  diagram  is  similar  to  the  dead-load 
diagram,  except  that  the  stresses  in  the  different  members 
are  slightly  reduced.  The  corresponding  reactions  are  shown 
in  Fig.  23  (A)  and  {i). 

In  Fig.  23  {e),  the  stress  diagram  is  given  for  a  wind  load 
on  the  left-hand  side  of  the  truss  and  a  snow  load  on  the 
right.  The  snow  load  on  the  panel  point  i^/ will  be  only- 
half  of  2,500  pounds  in  this  case,  since  the  snow  on  one  side 
of  the  truss  only  is  considered.  The  right-hand  end  of  the 
truss  is  assumed  to  be  on  rollers  and  the  reaction  R^  is 
obtained  by  taking  the  moments  about  the  point  of  support 
at  the  other  end  of  the  truss,  or  the  point  c.  The  calculations 
are  as  given  on  the  preceding  page. 

The  forces  ab,  be,  c d,  de,  ei,  fg,gh,  and  hi^  should  be 
carefully  laid  off  in  the  proper  directions;  the  remaining 
forces  lit,  ij,  j k,  kl,  Im,  mn,  no,  and  op  are  in  a  vertical 
direction.  The  reaction  R,  is  now  laid  off  vertically  from  p 
to  z  and  a  line  drawn  connecting  z  and  a;  this  line  represents 
the  direction  and  magnitude  of  the  left-hand  reaction,  which 
may  be  drawn  in  the  frame  diagram  as  shown  in  Fig.  23  ij) . 
The  reactions  R^  and  i?„  shown  on  the  frame  diagram  {a) ,  are 
for  the  dead  load,  exclusive  of  the  snow  load.  No  difficulty 
will  be  encountered  in  drawing  this  stress  diagram  {e) ,  as 
there  are  not  more  than  two  unknown  forces  at  any  joint. 


ROOF    TRUSSES    WITH    HORIZONTAL    OR    OBLIQUE 

THRUSTS 


HAMMER-BEAM  TRUSS 

34.  The  hammer-beam  roof  truss,  shown  in  Fig.  24 
(a),  is  adapted  to  spans  of  from  40  to  50  feet  and  is  much 
used  in  timber  and  composite  construction  for  church  roofs. 
It  is  especially  applicable  to  the  usual  Gothic  treatment  of 
such  buildings,  for  it  is  ornamental  in  form,  and  the  several 
spaces  into  which  it  is  divided  by  the  members  readily  lend 
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themselves  to  Gothic  details.  This  type  of  truss  cannot  be 
economically  used  unless  the  walls  on  which  it  rests  are  so 
buttressed  or  braced  that  they  can  provide  a  horizontal 
thrust,  for  in  a  truss  lacking  a  vertical  member  subdividing 
the  space  P,  Fig.  24  (a),  it  is  imperative  that  this  thrust 
should  be  provided  for.  If  the  walls  are  capable  of  resist- 
ing a  vertical  reaction  only,  the  apex  of  the  truss  will  tend 
to  rise  and  the  distortion  shown  in  Fig.  25  will  take  place; 
that  is,  providing  the  stiffness  of  the  joints,  or  the  resistance 
of  the  rafter  members   to  transverse   stress   at  a,  a  is  not 


Fig.  25 


suflScient.  In  view  of  these  facts,  this  truss  is  usually 
adapted  for  the  roofs  of  buildings,  such  as  shown  in  the 
cross-section  in  Fig.  26.  Here  the  truss  spans  the  aisle  of 
the  church  and  rests  on  the  arcades  a,  a  at  either  side.  The 
cloisters  are  covered  by  a  sloped  roof  b,  b,  and  their  walls 
are  usually  buttressed,  so  that  the  roofs  b,  b  provide  the 
thrust  necessary  to  hold  the  main  roof  truss  in  equilibrium. 
The  construction  is  pleasing,  for  it  is  not  unusual  to  provide 
a  clearstory  between  the  straight  portions  c,c,  of  the  main 
truss,  the  lights  and  shadows  obtained  by  this  arrangement 
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being  particularly  adaptable  to  the  architectural  treatment  of 
a  Gothic  edifice. 

While  this  horizontal  thrust  can  be  calculated  by  the  prin- 
ciple of  moments,  it  is  more  readily  determined  by  changing 
the  position  of  some  of  the  members  in  the  truss  on  the 
principle  of  the  reversal  of  the  diagonal.  It  is  evident  that 
if  only  a  vertical  reaction  is  supplied,  as  at  ^Z,  Fig.  24  (a), 
on  the  analysis  of  the  joint  there  will  be  three  unknowns 
consisting  of  A /iT,  KZ,  and  the  horizontal  thrust  H,.  The 
diagonal  L  K  can  be  reversed  and  will  then  assume  the  posi- 
tion shown  by  the  member  B L  in  Fig.  24   {b) .     Likewise, 


MNraay  be  reversed  and  assume  the  position  of  ML  in  (b). 
In  changing  the  diagonals  in  this  manner,  it  leaves  the  strut 
LM  in  Fig.  24  {a)  acting  on  two  members  represented  by 
the  dotted  lines  K Z  and  NZ,  coincident  in  their  line  of 
action,  and  it  is  evident  that  there  will  be  no  stress  in  the 
strut  1-2  shown  dotted  in  {b) ,  for,  by  the  principles  explained 
in  Art.  20,  it  was  shown  that  where  the  lines  of  action  of 
two  opposing  forces  coincide,  the  introduction  of  a  third 
force  will  destroy  the  equilibrium.  This  member,  marked 
LM  in  {a)  and  1-2  in  {b),  may  therefore  be  omitted  from 
the  new  diagram. 
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According-  to  the  same  reasoning  AB,  in  Fig.  24  {a),  is 
opposed  by  a  direct  equivalent  compressive  stress  in  A  K, 
whose  line  of  action  coincides  with  the  line  of  action  of  A  B. 
When  the  member  L  K  is  reversed,  as  shown  in  (b) ,  the 
introduction  of  B  L  in  («)  tends  to  destroy  the  equilibrium 
and  consequently  its  stress  is  zero.  The  new  diagram  is 
then  completed,  as  shown,  by  the  solid  lines  in  Fig.  24  {b), 
and  there  remains  to  be  determined  the  amounts  and  direc- 
■  tions  of  the  reactions  R^  and  R,  in  order  that  they  may  be 
introduced  in  the  old  diagram  [a). 

The  reciprocal  stress  diagram  for  the  frame  diagram  shown 
in  Fig.  24  {b)  is  shown  in  Fig.  24  {c).  In  laying  out  this 
diagram  the  load  line  aj  is  laid  out  as  usual,  but  since  there 
are  three  unknowns  at  the  lower  joint  of  the  truss,  the 
diagram  must  be  commenced  at  another  panel  point.  An 
inspection  shows  that  the  apex  joint  E  FP  contains  only  two 
unknown  forces,  and  that  when  E P  is  found  the  joint 
at  DEPO  contains  only  two  unknowns.  'Therefore,  it  is 
best  to  commence  the  diagram  at  the  apex  of  the  truss. 
Draw,  in  the  stress  diagram,  lines  c/  and  /^parallel,  respect- 
ively, with  the  members-  they  represent  in  the  frame  diagram, 
thus  locating  the  pointy.  Then  draw  the'  stresses  for  the 
joints  DEPO  and  C D  O M;  O M  having  been  obtained  in 
this  manner,  there  will  exist  only  two  unknowns  at  the  joint 
B  C ML,  and  this  joint  may  be  analyzed  in  the  stress 
diagram.  Having  obtained  the  stress  in  the  member  BL, 
there  exist  only  two  unknowns  at  the  left-hand  foot  of  the 
truss.  A  line,  therefore,  drawn  from  /  parallel  with  the 
member  LZ  will  intersect  at  a  point  ^  with  a  horizontal  line 
dividing  the  vertical  load  line  centrally,  for  the  truss  is 
symmetrically  loaded.  The  points'having  thus  been  obtained, 
by  connecting  z  and  a  the  reaction  R^  is  found  in  direction 
and  amount.  By  completing  the  other  half  of  the  diagram 
the  reaction  i?j  may  be  obtained..  It,  will  be  found,  however, 
that  under  a  symmetrical  vertical  load  and  where  the  proper 
oblique  reactions  i?,  and  R,  have  been  supplied,  the  vertical 
component  is  equal  to  the  sum  of  one-half  the  loads  on  the 
roof  truss,  while  the  horizontal  thrust  may  be  obtained  from 
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the  stress  diagram  by  measuring  the  horizontal  line  from  the 
point  z  to  its  intersection  with  the  vertical  load  line. 

When  the  reactions  have  been  obtained  they  may  be  placed 
in  the  stress  diagram  for  the  original  truss,  where  they 
serve  to  locate  the  point  z  and  then  k  by  the  line  zk,  after 
which  no  difficulty  will  be  found  in  drawing  this  diagram,  as 
shown  in  Fig.  24  {d) . 

The  dotted  lines  shown  in  the  frame  diagram  {a)  represent 
members  that  must  be  substituted  for  the  curved  members, 
and  the  analysis  of  the  substituted  straight  members  will  give 
the  direct  stress  acting  at  the  ends  of  the  curved  members. 
These  curved  members  must  be  proportioned  to  withstand  a 
bending  moment  equal  to  the  direct  stress  in  the  assumed 
dotted  member  multiplied  by  the  perpendicular  distance  from 
the  line  of  action  of  the  clotted  member  to  the  farthest  point 
of  the  curve. 

35.  While  it  was  found  necessary  to  provide  horizontal 
or  oblique  thrusts  at  the  abutments  in  order  to  preserve 
equilibrium  in  the  hammer-beam  truss  shown  in  Fig.  24  {a), 
if  this  truss  had  been  provided  with  a  vertical  member 
dividing  the  upper  space  P,  it  would  have  been  found  that 
the  truss  was  stable  when  vertical  reactions  alone  were  con- 
sidered at  the  abutments.  The  frame  diagram  drawn  with 
the  vertical  member  in  the  upper  space  is  shown  in  Fig.  24  {e); 
and  the  stress  diagram  can  easily  be  drawn  for  the  truss 
with  vertical  reactions  alone.  Before  it  is  drawn,  however, 
inspection  will  show  that  since  all  the  loads  and  the  reactions 
are  vertical  and  the  member  A  K  i'S,  coincident  with  the  line 
of  action  of  the  reaction  R„  there  will  be  no  stress  in  the 
member  KZ.  The  truth  of  this  assumption  is  substantiated 
by  the  principle  stated  in  Art.  20. 

This  stress  diagram,  drawn  to  the  same  scale  as  the  others, 
is  shown  in  Fig.  24  (/).  An  inspection  will  show  that 
the  stresses  in  the  several  members  have  been  greatly 
influenced,  and  that  the  truss  designed  with  supports  that 
offer  only  vertical  resistance  is  not  economical;  besides,  the 
slig-htest  movement  that  might  take  place  in  the  connections, 
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which  is  Ukely  to  occur  when  the  truss  is  constructed  of 
timber,  will  produce  a  sagging,  which  distortion  will  add 
still  more  to  the  stresses  already  so  greatly  augmented. 

36.  These  conditions  decide  that  it  is  best,  for  econom- 
ical reasons,  to  provide  horizontal  thrusts  H,  and  //,,  shown 
at  the  foot  of  the  truss  in  Fig.  27  (a).  Before  the  stress 
diagram  can  be  drawn  for  the  truss,  it  is  necessary  to 
determine  what  these  thrusts  will  be  in  order  to  produce 
equilibrium  in  the  truss,  when  the  reactions  R^  and  R^  are 
assumed  as  each  being  equal  to  one-half  of  the  load  on 
the  truss.  The  framed  structure  furnished  by  the  outline  of 
the  truss  may  be  substituted  by  the  trapezoidal  frame  shown 
by  the  heavy  lines  in  Fig.  27  (a).  This  frame  can  be  held  in 
equilibrium  by  the  loads  W^  and  W^,  the  reactions  7?,  and  R^, 
and  the  thrusts  M  and  H^.  The  loads  W^  and  W,  can  each  be 
taken  as  equal  to  the  sum  of  the  loads  CD  and  BE,  and  one- 
half  EF,  as  well  as  one-half  B  C  in  Fig.  24  (a).  It  is  reason- 
able to  assume  these  loads  as  acting  at  W,  and  W^  for  the 
upper  portion  of  the  hammer-beam  truss,  that  is,  that  por- 
tion of  the  truss  above  the  horizontal  member  extending 
between  the  two  rafter  members,  is  practically  a  truss  of 
small  dimensions  superimposed  on  the  other  and  supported 
at  the  joints  CD  and  G//.  It  is  also  a  correct  assumption 
to  make,  that  one-half  of  the  forces  B  C  and  ///  are  con- 
veyed down  the  dotted  oblique  members  L  M  and  5*  7^  to  the 
vertical  members  M N  ^x\A  SR,  from  the  fact  that  the  shaded 
triangle  is  isosceles  and  the  load  ^  C  is  located  at  the  apex, 
so  that  three-eighths  of  the  load  on  the  truss  is  concentrated 
at  each  point  CD  and  G//.  Commence  the  stress  diagram. 
Fig.  27  ill),  by  laying  off  the  load  line,  as  usual,  from  a  to  j, 
marking  on  it  the  loads  around  the  truss  in  the  order  in 
which  they  occur,  as  from  a  to  i5  to  f  to  d,  etc.  Since  the 
truss  is  symmetrically  loaded,  the  stress  diagram  will  be 
symmetrical  and  the  horizontal  thrusts  H,  and  //^  will  lie  in 
a  line  z^  z  bisecting  the  load  line.  Draw,  therefore,  from  the 
points  1  and  2,  midway  between  5f  and  h  i,  lines  parallel  with 
Z-A'and  TUm  («).     The  evident  reason  for  drawing  these 
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lines  from  the  points  1  and  2  instead  of  from  b  and  z  is  that 
in  determining  W^  and  W^  only  one-half  of  the  loads  B  C 
and  HI  were  considered.  From'  the  point  z^,  where  these 
lines  intersect,  the  horizontal  line  0,  z  is  drawn.  These  sev- 
eral lines,  together  with  the  portion  of  the  load  line  included 
between  1  and  2,  now  form  the  polygon  of  external  forces 
for  the  diagrammatical  frame  represented  by  the  heavy  lines 
and  supporting  Wi  and  W,  at  its  points  of  connection.  The 
line  1  Zi  represents  the  amount  of  the  oblique  reaction  from 
the  load  Wi,  or  the  stress  in  the  member  LM;  z^z  is  the 
amount  of  the  horizontal  thrust  H^,  while  z  1  is  the  reaction 
for  the  frame-represented  by  the  heavy  lines.  The  reaction  R^ 
of  the  original  frame  shown  by  the  dotted  lines  is  measured 
by  the  distance  z^  a  and  the  compressive  stress,  or  thrust,  in 
the  horizontal  member  represented  by  the  heavy  line 
in  the  frame  diagram  is  equal  to  the  horizontal  thrust  at 
the  foot  of  the  oblique  member,  for  the  principle  of  equi- 
librium must  be  observed  and  the  sum  of  the  horizontal 
forces  must  equal  zero.  Likewise,  the  algebraic  sum  of  the 
vertical  forces  must  equal  zero,  in  consequence  of  which  W^ 
and  W,  must  equal  the  vertical  reactions  at  the  foot  of  the 
frame.  From  the  fact  that  one-half  the  load  B  C  can  be 
considered  as  transmitted  to  the  left-hand  end  of  the  shaded 
triangle,  the  load  A  B  is  really  increased  by  this  amount, 
and  the  reaction  /?,  of  the  original  frame,  shown  dotted,  is 
equal  to  IV,  plus  the  load  A  B  and  one-half  of  the  load  B  C._ 
The  question  might  arise  as  to  the  correctness  of  taking  z,._s 
as  representing  the  entire  horizontal  thrust  of  the  original 
frame,  but  reference  to  (a)  shows  that  by  considering  one- 
half  of  j9  C  as  transmitted  to  a  joint  in  a  vertical  line  with 
CD  and  the  other  half  to  the  joint  AB  L,  that  the  moments 
about  the  point  c  havei  not  been  changed.  When  the  point  z^ 
has  been  determined,  the  stresses  for  the  members  in  the 
original  truss  can  be  laid  out  without  difficulty,  except  when 
the  joint  CDONM  is  to  be  analyzed.  Here  it  will  be 
found  that  the  member  ON  has  no  stress,  for  the  points 
o,  n,  g,  and  r  coincide.  This  will  imdoubtedly  be  confusing 
from  the  fact  that  it  was  stated  that  the  horizontal  member 
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shown  by  the  heavy  line  in  the  frame  diagram  was  subject 
to  a  compressive  stress  equal  to  H„  but  this  stress  is  equal- 
ized when  the  small  framed  truss,    superimposed   on   the 


stress  Diai^ram for  WM Load. 

Scale  flinch' 8001b. 


(b) 


Fig.  28 


larger,  is  introduced,  for  this  truss  creates  a  side  thrust  at 
the  points  of  support  of  W^  and  W,  equal  to  the  horizontal 
compression  in  the  member.  It  is,  however,  in  an  opposite 
direction  and  completely  neutralizes  this  stress.     It  is  also 
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found,  in  drawing  the  stress  diagfram,  that  there  is  no  stress 
in  the  members  N Z  and  R  Z.  There  cannot  be  stresses  in 
these  members  from  vertical  and  symmetrical  loads,  but 
stresses  will  be  created  when  the  truss  is  subjected  to  an 
oblique  wind  pressure  or  when  the  truss  is  unsymmetrically 
loaded.  The  members  N Z  and  R  Z  could  not,  however,  be 
well  omitted  even  for  a  vertical  load,  for  they  must  be  used 
to  stiffen  the  truss  and  to  provide  against  any  slight  varia- 
tion that  might  exist  between  the  loads  on  opposite  sides  of 
the  truss. 

The  frame  and  stress  diagrams  for  the  wind  load  on  this 
truss  are  shown  in  Fig.  28  {a)  and  {b) .  Such  a  truss  is 
always  constructed  with  ends  rigidly  fixed,  so  that  the 
reactions  from  an  oblique  wind  pressure  will  coincide  with 
the  direction  of  the  forces  acting  on  the  rafter  members. 
The  amount  of  these  reactions  may  be  determined  by  the 
graphical  method  or  they  may  be  calculated  by  the  principle 
of  moments.  By  reference  to  Fig.  28,  it  will  be  noticed  that 
most  of  the  members  in  the  frame  diagram  are  shown  dotted. 
These  members  are  useless  when  the  wind  acts  on  the  left- 
hand  side  and  when  the  reactions  act  in  a  direction  coinciding 
with  the  lines  of  action  of  the  oblique  wind  pressure  on 
the  slope. 

ROOF  TRUSSES  WITH  MEMBERS   SUBJECTED 
TO  TRANSVERSE   STRESS 


THE    "A"     TYPE    OF    TRUSS 

37.     In   Fig.   29  is   shown   the  A  type   of   roof   truss, 

which  is  particularly  adapted  for  buildings  where  Gothic 
architectural  treatment  is  desired;  it  is  most  frequently  used 
for  high  narrow  buildings,  such  as  office  buildings,  as  an 
assembly  hall  is  often  required  on  the  top  floor.  In  order 
that  the  ceiling  may  be  raised  and  a  vaulted,  or  arched, 
efifect  obtained,  it  is  necessary  to  raise  the  tie-member  of 
the  truss  some  distance  above  the  plate  line  at  the  top  of 
the  wall.     Since  a  member  like  the  one  shown  dotted  at  a 
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would  interfere  with  the  cove,  or  vaulted,  effect  of  the 
ceiling,  3uch  a  member  is  not  permissible;  the  member  b 
must  be  made  of  heavy  rolled  shapes  or  of  a  compound 
riveted  section  in  order 
that  it  may  not  only  offer 
sufficient  resistance  to 
the  direct  stresses,  but 
that  it  may,  as  well,  pro- 
vide the  necessary  trans- 
verse strength.  That 
this  member  is  subjected 
to  a  great  transverse 
stress  and  tends  to  turn 
about  the  point  c  when 
subjected  to  the  upward 
tendency  of  the  reaction 
Ri,  is  evident  on  inspec- 
tion of  the  frame.  If 
the  foot  of  the  member 
b  and  the  one  on  the 
opposite  side  were  se- 
cured to  the  top  of  a 
heavy  masonry  wall 
capable  of  resisting  a 
horizontal  thrust,  these 
members  would  sustain 
only  direct  stresses,  and 
the  stresses  throughout  n 
the  truss  would  be  re- 
duced to  a  minimum. 

38.  In  the  frame 
diagram  shown  in  Fig. 
30   {a),  H,  and  H.  are 

readily  determined  by  taking  moments  about  the  joints 
B  C,  C I Z  and  M  F  F^  G  Z.  For  instance,  the  positive 
moment  about  the  left-hand  joint  is  1,000  X  6  =  6,000  foot- 
pounds.     The   negative   moment   about  the   same  point  is 
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equal  to  the  reaction  R,,  or  5,000  X  6  =  30,000  foot-pounds. 
The  difference  between  the  positive  and  negative  moments 
about  the  joint  will  then  be  30,000  -  6,000  =  24,000  foot- 
pounds. The  leverage  of  the  thrust  H^  is,  according  to  the 
dimensions  on  the  frame  diagram,  10  feet  6  inches,  so  that 
this  thrust  will  amount  to  24,000  h-  10.5  =  2,286  pounds. 

By  substituting  the  horizontal  forces  H,  and  H^,,  not  only 
will  the  frame  diagram  be  in  equilibrium,  but  the  members 
B  Z  and  Z  G  will  have  no  tendency  to  spread,  and  there  will 
be  no  transverse  stresses  about  the  joints  B  C,  CI Z  and 
MFFi  GZ,  the  two  legs  of  the  truss  being  subjected  only  to 
direct  stress.  These  two  necessary  horizontal  thrusts  are 
introduced  in  the  frame  diagram  so  that  the  stress  diagram, 
Fig.  30  (b),  may  be  drawn  without  difficulty.  Trusses  of 
this  character  are  often  erected  on  structural  steel  columns, 
or  they  may  be  placed  on  the  light  upper  walls  of  a  building 
that  could  not  offer  the  necessary  horizontal  resistance. 
When  this  construction  is  encountered,  the  members  B  Z  and 
G  Z  must  resist  the  tendency  to  spread  or  to  revolve  about 
their  junction  with  the  frame,  by  their  transverse  stress. 
But  this  character  of  stress  cannot  be  represented  in  the 
graphical  analysis  of  a  framed  structure  in  connection  with 
direct  stresses.  Therefore,  this  transverse  stress  must  be 
replaced  by  direct  stresses  without  destroying  the  equi- 
librium of  the  frame  or  any  of  the  joints. 

39.  Referring  to  Fig.  80  {a) ,  it  is  evident  that  the  mem- 
ber B  Z  will  tend  to  revolve  about  the  joint  B  dC I Z,irx  the 
"direction  indicated  by  the  dotted  arrow.  This  rotary  tendency 
may  be  resisted  in  two  ways — either  by  the  transverse 
strength  of  the  member  ^Z  or  by  the  horizontal  force  H,. 

The  latter  method  must  be  adopted  in  order  to  analyze 
the  frame  by  the  method  of  graphical  statics;  by  the  intro- 
duction of  the  imaginary  forces  H^  and  H^,  there  is  a  tend- 
ency to  destroy  the  rotary  equilibrium  about  the  joints 
B  Ci  CIZ  and  MFF^  G  Z.  This  tendency  to  rotate  must  be 
overcome  by  the  introduction  of  the  forces  CD^  and  FE„ 
the    amounts    of   which    are    readily   calculated    by   taking 
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moments  about  the  joints  BC^CIZ  and  MFFyGZ;  for 
instance,  the  moment  of  H^  about  the  joint  B  C  CI Z  is  equal 
to  2,286  multiplied  by  the  perpendicular  distance  from  its  line 
of  action  to  the  point  of  rotation,  or  10.5  feet,  which  equals 
about  24,000  foot-pounds.  The  lever  arm  with  which  the  hori- 
zontal force  C D^  tends  to  resist  this  rotary  tendency  about 
the  joint  B  C  CI Z  is  equal  to  6  feet  11  inches,  so  that  the 
amount  of  the  force  CD,  is  found  by  dividing  24,000  by  6.9167, 
or  approximately  3,470  pounds.  This  force  tends  to  produce 
rotation  around  the  joint  B  C,  CI Z  in  the  opposite  direction  to 
that  created  by  the  thrust  H,;  consequently,  they  act  in  the 
same  direction,  and  in  order  to  produce  translatory  equilibrium 
a  horizontal  reaction  equal  to  their  sum  must  be  introduced  at 
B  C,  CIZ,  which  will  be  equal,  in  amount,  to  2,286  +  3,470 
=  5,756.  Since  the  truss  is  symmetrically  loaded,  similar 
forces  must  necessarily  be  introduced  at  the  joints  LEE,  FM 
and  FFi  G  Z  M,  in  order  to  create  eqiiilibrium  in  that  half  of 
the  truss  subjected  to  the  horizontal  thrust  H^.  The  several 
forces  having  been  obtained  in  this  manner,  the  frame  diagram 
with  its  external  forces  will  be  as  shown  in  Fig.  30  (a).- 

40.  Commence  the  stress  diagram  by  laying  out  the  load 
line,  which  extends  from  a  to  5  to  c,  to  c  to  d,  to  d  to  e  to  e,, 
horizontally  to  /,  vertically  to  /,,  horizontally  to^,  then  to  h  and 
from  h  to  z,  in  a  vertical  direction  corresponding  in  amount 
with  the  reaction  R^,  to  z,  back  to  z„  and  from  z,  back  to  a,  the 
starting  point,  this  last  line  representing  the  amount  of  the 
reaction  R,.  The  polygon  of  external  forces  closes  in  this 
manner,  and  all  the  lines  in  the  load  line  represent  truly,  in 
amount  and  direction,  the  forces  that  they  represent  in  the 
frame  diagram.  When  the  load  line  has  been  completed, 
commence  with  the  joint  A  B  Z  Z,  and  draw,  in  the  stress 
diagram,  a  line  from  b  parallel  with  B  Z'vi\  the  frame  diagram; 
where  this  line  intersects  a  horizontal  line  drawn  from  z,, 
which  represents  the  thrusts  H,  and  H,,  will  be  located  the 
point  z.  The  forces  about  the  lower  left-hand  foot  of  the  truss 
will  then  be  represented  in  the  stress  diagram  by  the  poly- 
gon extending  from  a  to  5  to  s'  to  z,  and  from  z,  back  to  a. 
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In  the  next  joint,  B  Q  C/Z,  three  of  the  forces  are  known 
and  the  polygon  of  forces  is  completed  by  drawing  from  c 
a  line  parallel  with  ct  indefinitely,  and  then  extending  the 
horizontal  line  z,  z  until  it  intersects  the  first  line;  the  point 
of  intersection  will  be  i.  The  polygon  of  forces  about  this 
joint  will  read  in  the  stress  diagram  from  b  to  c^  to  c  to  i 
to  z,  and  from  z  back  to  the  starting  point  b. 

The  joint  UK Z  cannot  as  yet  be  analyzed,  from  the  fact 
that  there  are  more  than  two  unknown  forces  in  the  system 
surrounding  it,  so  that  it  is  necessary  to  draw  the  polygon 
of  forces  for  the  joint  CD^DJ I.  To  analyze  this  joint,  draw, 
from  the  point  d,  a  line,  indefinite  in  length,  in  the  direction 
of  the  member  D  J;  and,  from  i,  draw  a  line  parallel  with  the 
member  IJ  in  the  frame  diagram,  intersecting  the  first  line 
drawn  at/.  The  polygon  of  forces  about  this  joint  will  then 
be  completed  and  IJ K Z  may  be  analyzed,  thus  completing 
one-half  of  the  stress  diagram.  As  the  loads  are  symmetric- 
ally placed  on  the  truss  and  the  truss  is  symmetrical  about 
the  center  line,  the  stress  diagram  for  the  entire  truss  will 
be  balanced  on  the  horizontal  line  z^  i.  Since  the  stress  in 
the  member  M Z  is  the  same  as  in  the  member  I  Z,  m  and  i 
will  fall  at  the  same  point. 

41.  The  problem  of  determining  the  stresses  in  roof 
trusses  of  this  character  becomes  somewhat  more  complicated 
when  the  wind  stress  diagram  is  considered.  The  principle 
of  equalizing  the  bending  moment  by  the  introduction  of 
certain  forces  in  the  frame  diagram  is  exactly  the  same, 
however.  If  the  frame  diagram  for  the  wind  loads  on  the 
left-hand  portion  of  the  truss  is  as  shown  in  Fig.  31  (a),  the 
external  loads  acting  on  the  truss  are  A  B,  C  C,  D,  D,  and 
D  E.  These  wind  loads  produce  parallel  reactions  at  R^  and 
R^,  the  amounts  of  which  may  be  determined  by  taking 
moments  about  either  foot  of  the  truss.  Taking  moments 
about  the  joint  ABZY,  or  the  point  c,  and  considering  the 
loads  as  exerting  a  positive  moment,  the  calculation  for 
obtaining  their  sum  will  be  as  follows,  the  lever  arms  being 
obtained  by  scaling  the  drawing: 
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Moment  oi  A  B  =  2,000  X    0  =  0  foot-pounds 

Moment  of  Q  C  =  3,000  Xl2=  36000  foot-pounds 

.Moment  oiD.D  =  3,000  X20=  60000  foot-pounds 

Moment  oi  D E  =  1,800  X  38  =  68400  foot-pounds 

Sum  of  moments  =  16  4  4  0  0  foot-pounds 

The  leverage  of  the  reaction  R,  acting  parallel  with  the 
direction  of  the  loads  is  19  feet,  so  that  its  amount  is 
164,400  ^  19  =  8,653  pounds.  The  amount  of  the  reaction  R^ 
is  equal  to  the  difference  between  the  sum  of  the  loads  and 
the  amount  of  the  reaction  R^,  or  1,147  pounds.  Both  of 
these  reactions,  though  establishing  equilibrium  in  the 
frame,  produce,  or  tend  to  produce,  rotation  about  the 
joints  BCiCIZ  and  MFF^GZ,  so  that  rotary  equilibrium 
is  not  maintained  at  these  points. 

In  actual  practice,  these  bending  moments  are  resisted  by 
the  transverse  strength  of  the  members  B  Z  and  G  Z  aX  these 
points.  For  analytical  purposes,  however,  it  is  necessary  to 
substitute  some  counteracting  force  against  this  rotation  at 
the  foot  of  each  leg.  The  amount  and  direction  of  these 
forces  are  readily  determined  by  drawing  the  reaction 
diagrams.  Fig.  31  (i^)  and  {c).  Before  drawing  the  reaction 
diagram  (b),  an  inspection  of  the  joint  A  B Z  Y  veweaXs  the 
fact  that  there  is  a  force  of  2,000  pounds  coincident  and  act- 
ing in  the  same  straight  line  with  the  reaction  of  1,147  pounds, 
but  in  the  opposite  direction.  Under  such  a  condition  equi- 
librium of  the  joint  cannot  be  maintained,  for  the  force 
of  2,000  pounds  will  more  than  counteract  the  smaller  force 
of  1,147  pounds.  It  is  evident,  then,  that  there  is  a  tendency 
for  the  point  c  to  move  in  a  direction  shown  by  the  dotted 
arrows  with  a  force  equal  to  853  pounds.  This,  then,  is  the 
force  that  actually  tends  to  create  bending  about  the 
joint  B  C  C IZ  and  may  be  resolved  into  its  components  a  b 
and  be,  shown  in  the  reaction  diagram  (5). 

In  order  to  analyze  this  force  of  858  pounds,  draw  the 
line  a  cm  the  direction  of  R^  and  lay  off,  in  the  diagram  {b), 
the  amount  of  853  pounds  to  scale,  thus  locating  the  points 
a  and  c.    From  c  draw  a  line  parallel  with  the  member  B  Z  and 
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from  a,  a  horizontal  line;  thus  it  is.  found  that  the 'compo- 
nents a  b  and  b  c,  acting  in  the  directions  shown,  will  be 
equal  in  effect  to  the  single  force  a  c.  Of  the  two  compo- 
nents just  found,  be  is  the  stress  in  the  member  j9Z,  while 
the  horizontal  force  ab  must  be  substituted  in  the  frame 
diagram,  as  shown.  The  system  of  forces  about  the  foot  of 
the  left-hand  leg  of  the  truss,  which  maintains  equilibrium 
at  this  point,  will  now  consist  oi  AB,  B Z,  Z  V,  and  VA. 

The  reaction  J?,  must,  in  a  similar  manner,  be  analyzed 
into  its  components,  which  are  opposite  and  equal  in  effect 
to  its  actipn  on  the  foot  of  the  right-hand  leg  of  the  truss. 
These  components  are  shown  in  direction  and  amount  in  the 
reaction  diagram  (c),  in  which  the  stress  in  the  member 
GZ  is  represented  by  the  line  cb  and  the  horizontal  thrust, 
or  force,  that  it  is  necessary  to  introduce  in  the  diagram  in 
order  to  maintain  equilibrium,  is  represented  by  the  line  ba. 
In  this  manner  the  system  of  forces  necessary  to  create 
equilibrium  at  the  lower  right-hand  joint  of  the  truss  is 
completed  and  consists  of  the  forces  Z  G,  GX,  and  XZ. 
The  external  forces  necessary  to  create  equilibrium  in  the 
frame  and  at  each  joint  have  now  been  introduced  in  the 
frame  diagram,  and  the  stress  diagram  shown  in  Fig.  31  (d) 
may  be  drawn.  The  load  line  is  shown  by  the  heavy  line 
extending  from  the  point  a  along  the  lines  ab,  bci,  c,,c,  cd^, 
drd,  de,  ef,  fg,  gx,  xz,  zy,  and  y a.  In  this  manner  the 
polygon  of  forces  is  closed  on  the  starting  point.  The 
stress  diagram  may  be  commenced  and  worked  out  from 
either  end  of  the  diagram  and  offers  little  difficulty,  giving 
the  figure  designated. 

In  designing  the  truss,  the  stresses  obtained  in  the  vertical- 
load  and  wind-load  diagrams  may  be  combined  and  in  this 
manner  the  maximum  stress  in  any  member  is  determined. 
Likewise,  the  maximum  bending  moment  at  the  joints 
B  Ci  CI Z  and  MFF^  G  Z  must  be  determined  and  the  leg  of 
the  truss  proportioned  for  the  maximum  moment.  In  this 
instance  the  maximum  bending  moment  at  MFF,  G  Z  occurs 
under  the  wind  load  and  is  equal  to  8,653  pounds  multiplied 
by  6,   or   51,918   foot-pounds.     Practically   the  same  result 


82 


GRAPHICAL  ANALYSIS  OF  STRESSES       §27 


B 


Frame  D/a^rvm-^er^ica/  Loa</ 
(a) 


& 


Stress  D/i7aram  -l^erfica/ 
Looi/ for  mr/roi 
Suppfiei^  ty  IVa// 


i.ooi/ for fior/^onfa/  Thrust 
•pfien 


Scale -^  incli=400 

(h) 

Fig.  32 


§27       GRAPHICAL  ANALYSIS  OP  STRESSES  83 

would  have  been  obtained  by  multiplying  the  horizontal 
force  H,  by  its  lever  arm,  which  gives  5,000  X  10.5  =  52,500 
foot-pounds. 

Carefully  study  the  difference  between  the  stresses  created 
in  the  several  members  of  the  frame  diagram  when  the 
horizontal  forces  H^  and  H^  in  Fig.  30  {a)  are  provided  for 
by  the  transverse  resistance  of  the  legs  at  the  joints  B  C.  CIZ 
and  MFF^  G  Z,  and  when  the  necessary  horizontal  thrusts 
are  supplied  by  the  lateral  resistance  of  a  wall,  or  other  stable 
abutment,  as  shown  in  Fig.  32.  On  comparing  the  stress 
diagrams  in  Figs.  30  and  32,  it  will  be  noticed  that  the  lines 
bz  are  equal,  showing  that  the  direct  stress  in  the  members 
BZ  and  Z  G  is  not  altered  by  the  introduction  of  the 
imaginary  horizontal  forces  Z^Z,  B C„  and  CD,  in  Fig.  30  {a). 
Likewise,  ci  remains  the  same,  showing  that  the  stresses  in 
C/and  FM  Bxe  not  altered;  but  the  stresses  in  D  J  a.n6.  EL 
are  greatly  increased,  as  well  as  those  in  J K  and  K L. 
IJ  and  LM  d\so  have  a  great  additional  stress  when  the 
truss  is  held  in  equilibrium  by  the  transverse  resistance  of 
BZ  and  ZG  instead  of  by  the  horizontal  thrusts  ZZ,,  in 
Fig.  32.  The  horizontal  tie-member,  represented  by  I Z, 
K Z  and  M Z,  is  also  subjected  to  a  great  increase  in  stress. 


TRUSSES    SUPPORTED    BY    KNEE-BRACED    COLUMNS 

42.  The  type  of  truss  shown  in  Fig.  33  is  most  frequently 
used  in  the  construction  of  train  sheds,  rolling  mills,  and 
similar  buildings.  It  is  usually  of  a  great  span,  from  80  to 
100  feet,  and  is  supported  at  either  end  on  steel  columns.  If 
the  connection  of  the  column  to  the  roof  truss  at  a  and  b  were 
hinged  and  no  member  were  introduced  between  the  column 
and  the  roof  truss,  it  is  evident  that  the  frame  would  be, 
theoretically,  in  equilibrium  under  a  vertical  load,  iDut  that 
when  a  wind  pressure  acted  on  the  roof,  either  normal  to  the 
roof  slope  or  horizontally  against  the  vertical  surfaces  of  the 
building,  the  columns  or  posts  would  tend  to  turn  about  their 
lower  ends  and  that  when  the  stiffness  of  the  joints  a  and  b 
was  overcome,  the  destruction  of  the  structure  would  result. 
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In  order  to  provide  against  this  tendency  to  lateral  motion 
across  the  building,  due  to  the  wind  pressure  on  the  roof  and 
side,  knee  braces  c  and  d  must  be  introduced  between  the 
column  and  the  truss.  These  knee  braces  act  in  unison  and 
brace  the  entire  structure  laterally,  from  the  fact  that  when  the 
wind  blows  against  the  left-hand  portion  of  the  truss,  the  mem- 
ber c  will  be  in  tension,  for  the  angle  made  by  the  column  and 
the  horizontal  member  of  the  truss  at  the  left-hand  end  will 
tend  to  distort  under  the  wind  load  and  form  an  obtuse  angle; 
while  the  member  d  will  be  in  compression,  for  the  angle 
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formed  by  the  column  and  the  horizontal  member  of  the  truss 
at  the  right-hand  end  will  tend  to  form  an  acute  angle.  If 
the  joints  e  and  /made  by  the  connection  of  the  knee  braces 
with  the  columns  were  considered  as  being  hinged,  the  struc- 
ture would  tend  to  fail  at  these  points,  as  described  in 
connection  with  the  joint  at  the  top  of  the  column.  It  is 
therefore  necessary  to  provide,  in  the  column,  a  suflScient 
resistance  to  transverse  stress  to  take  up  the  pull  and  the 
thrust  of  the  knee  braces  c  and  d.  But  bending  moments 
and  transverse  stresses  cannot  be  represented  in  the  stress 
diagrams  for  obtaining  direct  stresses,  and  therefore   some 
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means  must  be  introduced  by  which  these  transverse  stresses 
are  eliminated  for  the  purpose  of  drawing  the  stress  diagram. 
In  eliminating  these  tranverse  stresses,  direct  stresses  must 
be  substituted,  as  described  in  Arts.  38  and  39,  so  that  the 
frame  will  be  retained  in  equilibrium  and  the  stress  in  the 
members  throughout  the  truss  will  not  be  altered. 

43.  In  the  frame  diagram  shown  in  Fig.  34  (a),  it  will  be 
observed  that  the  wind  pressure  acts  normally  to  the  slope 
of  the  oblique  rafter  member,  and  horizontally  against  the 
vertical  surfaces.  The  oblique  forces  are  A  B,  B  C,  C D, 
D  E,  E  F,  FG,GH,IJ,KL,L  M,  while  the  horizontal 
forces  are  M^  N^,  N,  A,  HI,  and  J K.  In  order  that  the  frame 
may  be  held  in  equilibrium,  reactions  must  be  provided  at 
the  foot  of  the  columns,  not  only  to  resist  the  oblique  forces 
but  also  to  resist  the  horizontal  forces  acting  on  the  truss. 
It  is  convenient,  however,  to  determine  these  reactions 
separately  and  then  to  draw  reaction  diagrams  for  each  end 
of  the  truss  and  thus  obtain  the  resultant  reactions.  In  order 
to  determine  the  reaction  acting  at  the  foot  of  each  column 
coincident  with  the  line  of  action  of  the  oblique  forces  and 
of  such  an  amount  as  to  balance  these  forces,  take  the 
moments  of  all  the  oblique  forces  about  the  foot  of  the  left- 
hand  column;  the  calctilation  will  be  as  follows: 
Moment  oi  A  B  =  2,000  X  V.66  =  1  5  3  2  0  foot-pounds 
Moment  oi  B  C  =  4,000  X  15.34  =  6  13  6  0  foot-pounds 
Moment  of  CD  =  4,000  X  28.02  =  9  2  0  8  0  foot-pounds 
Moment  oi  D  E  =  4,000  X  30.70  =  12  2  8  0  0  foot-pounds 
Moment  of  EF  =  4,000  X  38.38  =  15  8  5  2  0  foot-pounds 
Moment  oi  FG  =  4,000  X  46.06  =  18  4  2  4  0  foot-pounds 
Moment  oi  G  H  =  4,000  X  53.74  =  214  9  6  0  foot-pounds 
Moment  of  //  =  2,000  X  61.42  =  12  2  8  4  0  foot-pounds 
Moment  of  KL  =  2,000  X  63.62  =  12  7  2  4  0  foot-pounds 
Moment  oiLM  =  2,000  X  71.30  =  142600  foot-pounds 
Sum  of  positive  moments  =  1236960  foot-pounds 

The  reaction  R,  acts  on  the  left-hand  column  foot  with  a 
lever  arm  equal  to  98.49  feet,  so  that  this  reaction  will  equal,  in 
amount,  1,236,960  4-  98.49;  or,  practically,  12,500  foot-pounds. 
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The  sum  of  the  oblique  forces  acting  on  the  truss  is  equal 
to  32,000  pounds,  and  consequently  R,  equals  32,000  -  12,500 
=  19,500  pounds.  The  horizontal  forces  acting  on  the  truss 
tend  not  only  to  push  the  truss  along  laterally  but  to  over- 
turn the  entire  frame;  that  is,  the  forces  M^  Ni,  N^  A,  HI, 
and  JK  tend  to  produce  a  rotary  motion  about  the  foot  of 
the  right-hand  column  that  must  be  resisted  by  a  pull  in  the 
left-hand  column  of  the  frame  and  a  corresponding  compres- 
sion in  the  right-hand  column. 

The  reactions  R,  and  R,  are  horizontal  and  opposed  to  the 
direction  of  the  horizontal  wind  pressure,  but  it  is  assumed 
that  half  of  the  tendency  of  the  structure  to  move  laterally  is 
taken  up  at  the  foot  of  each  column;  consequently,  R,  and  R, 
are  equal  in  amount  to  one-half  of  the  horizontal  forces  act- 
ing on  the  frame.  The  sum  of  these  forces  being  12,600 
pounds,  the  horizontal  reactions  will  equal  6,300  pounds. 
The  vertical  reactions  Rb  and  R,,  necessary  to  overcome  the 
-rotary  tendency  of  the  horizontal  forces  M^.N^,  N^A,  etc., 
and  to  produce  equilibrium  of  rotation,  may  be  found  by 
taking  moments  about  the  foot  of  the  left-hand  column. 
The  calculations  for  these  reactions  are  as  follows: 

Moment  of  M,  N,  =  6,000  X  12.04  =  7  2  2  4  0  foot-pounds 

Moment  of    N,A  =  2,000  X  17.04  =  3  4  0  8  0  foot-pounds 

Moment  of      HI  =  2,300  X  41.16  =  9  4  6  6  8  foot-pounds 

Moment  of      JR'  =  2,300  X  46.16  =  10  616  8  foot-pounds 

Sum  of  positive  moments  =  3  0  715  6  foot-pounds 

The  lever  arm  of  R^  is  equal  to  the  span  of  the  truss,  or 
the  distance  from  center  to  center  of  the  upright  columns  or 
posts.  This  distance  is  equal  to  110  feet,  so  that  the 
amount  of  R^  is  found  by  dividing  307,156  by  110,  which 
gives  the  reaction  as  equal  to,  in  round  numbers,  2,800 
pounds.  The  reaction  Rs  must  necessarily  equal  this 
amount  in  order  that  the  algebraic  sum  of  the  vertical  forces 
may  be  equal  to  zero. 

There  exist  now  at  each  joint  three  forces.  At  the  left- 
hand  end  of  the  truss,  there  are  /?,,  R„  and  R^,  while  at  the 
right-hand  end  of  the  truss  there  are  created  R„  R„  and  ^e. 
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In  each  system  of  forces  the  vertical  and  horizontal  reactions 
are  equal,  but  the  amounts  of  the  oblique  reactions  are  differ- 
ent. In  order  to  obtain  the  resultant  of  these  three  reactions, 
which  may  be  substituted  in  their  stead,  it  is  necessary  to 
draw  the  reaction  diagrams  shown  in  Fig.  34  (d)  and  (c).  In 
the  diagram  (b),adis  laid  off  to  scale,  equal  to  2,800 pounds, 
and  represents,  in  direction  and  amount,  the  reaction  ^.. 
From  d,  a  line  is  drawn  parallel  with  the  reaction  7?, 
and  is  made  of  such  a  length  that  it  will  equal  to  scale 
19,500  pounds,  thus  locating  the  point  c.  From  the  point  c, 
a  horizontal  line  drawn  to  d  truly  represents  the  horizontal 
force,  or  reaction,  J?^  equal  to  6,300  pounds.  By  connecting 
a  and  d,  the  amount  and  direction  of  the  resultant  of  this 
system  of  forces  are  obtained,  and  the  amount,  on  measur- 
ing, is  found  equal  to  21,000  pounds.  In  consequence  of 
the  substitution  of  this  resultant  at  the  foot  of  the  left-hand 
truss,  the  other  forces  of  the  System  may  be  discarded,  for 
this  reaction  is  equal  to  them  in  effect  on  the  truss.  In  a 
similar  manner,  the  resultant  reaction  at  the  right-hand  end 
of  the  truss  may  be  obtained  and  will  be  found  to  equal, 
approximately,  19,000  pounds. 

These  oblique  reactions  can  be  resolved  into  their  vertical 
and  horizontal  components,  which  are  shown  by  the  dotted 
lines  in  each  of  the  reaction  diagrams.  The  vertical  com- 
ponents designated  in  each  diagram  by  de  are  the  amounts 
of  direct  compressive  stress  in  the  columns;  that  is,  by 
measuring  de  in.  the  diagram  (b),  the  stress  in  the  'column 
M,Z  is  obtained,  while  the  length  of  the  line  de,  in  the 
stress  diagram  (c) ,  gives  the  amount  of  the  stress  in  the 
column  Z  O.  The  horizontal  component,  however,  in  each 
case  tends  to  bend  the  column  or  to  turn  the  columns  about 
the  points  c  and  c  Before  the  stress  diagram  can  be 
drawn,  this  horizontal  component  of  the  reactions  must  be 
equalized  and  the  imaginary  forces  L,  M^  and. FO  equal, 
respectively,  to  14,800  and  12,300  pounds  introduced  in  a 
direction  opposite  to  that  of  the  horizontal  components  ae. 
But  these  forces  destroy  the  equilibrium  of  the  frame  dia- 
gram, so  that  forces  must  be  introduced  that  will  maintain 
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both  rotary  and  translatory  equilibrium.  Consideringf  each 
column  hinged  at  the  point  of  connection  with  the  knee 
brace  and  extending  in  a  continuous  piece  from  its  foot  to 
its  connection  with  the  truss,  it  is  evident  that  the  forces 
Z,,  Mi  and  O  P  will  have  a  moment  about  the  points  c  and  f , 
equal  to  their  amount  multiplied  by  the  length  of  the 
columns  from  the  foot  to  the  points  c  and  f,. 

Forces  applied  as  at  N^  A  and  j^iVmust  resist  this  moment 
created  by  L^  M-,  and  O  P,  and  since  they  have  a  lever  arm 
equal  to  the  length  of  the  portion  of  the  column  N^  Q  and 
9N,  or  5  feet,  the  amounts  of  the  forces  necessary  to  be 
substituted  at  the  connection  of  the  top  of  the  columns  with 
the  truss  may  be  found  by  dividing  the  moments  of  M^  Z,, 
and  OP  about  c  and  Cy  by  the  length  N^Q  and  9 N.  The 
calculation  for  the  forces  N^A  and  N M  is  therefore  as 
follows: 

Moment  of  Z..  M^  about  c  equals  14,800  X  12.04  =  178,192 
foot-pounds;  and  178,192  -f-  5  =,  in  round  numbers,  35,600 
pounds,  the  amount  of  N^A.  The  moment  oi  P  O  about 
c.  equals  12,300  X  12.04  =  148,092  foot-pounds;  and  148,092 
-H  5  = ,  in  round  numbers,  29,600  pounds,  which  equals  MN. 
These  two  forces  introduced  on  each  side  of  the  truss  as 
Ni  A  and  M N  maintain  rotary  equilibrium,  but  they  destroy 
equilibrium  of  translation  and,  in  consequence,  must  be 
opposed  by  an  opposite  and  equal  force  so  that  it  becomes 
necessary  to  introduce  the  two  forces  ^,  A^i  and  O  N.  The 
left-hand  force  M^Ni  is  equal  to  the  sum  of  L^M^  and  N^A, 
while  the  right-hand  force  N  O  \%  equal  to  the  sum  oi  P  O 
and  MN.  By  the  introduction  of  these  last  forces,  the 
entire  structure  is  in  both  rotary  and  translatory  equilibrium 
and  all  the  external  forces  acting  on  the  truss  are  shown  in 
the  frame  diagram. 

44.  The  stress  diagram  shown  in  Fig.  34  (</)  may  now 
be  commenced  by  first  marking  out  the  load  line,  which 
extends  from  a  to  b  to  c  to  d  to  e  to  f  to  g  to  h,  horizontally 
to  i,  obliquely  to  /,  horizontally  to  k,  and  obliquely  to  /  to  vi; 
mn  may  then  be  laid  off  horizontally,  for  its  amount  and 
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direction  are  known;  no  may  be  measured  from  n  and  the 
point  o  thus  located.  The  point  p  will  coincide  with  the 
point  m,  for  the  length  of  the  line  on  is  equal  to  the  sum 
of  n  m  and  p  a,  and  since  a  m  has  been  laid  off,  the  distance 
from  m  to  0  must  equal  the  force  op.  An  oblique  line  can 
be  drawn  from  m  extending  indefinitely,  but  parallel  with  the 
resultant  reaction  represented  by  the  force  in  the  frame 
diagram.  Fig.  34  (c),  ma;-kedrf<r.  In  order  to  locate  the  points', 
however,  the  line  a  w,  must  be  laid  off  parallel  with  and  equal 
to  the  force  N^A  in  the  frame  diagram.  Then,  from  «,,  the 
point  w,  may  be  located  by  measuring  off,  to  scale,  the 
amount  of  the  force  M^  N^.  Having  located  w„  the  point  A 
is  readily  located  by  measuring  from  ;«,  the  amount  of  the 
force  Z,i  Ml.  When  /,  has  been  located,  a  line  drawn  from  /. 
parallel  with  the  force,  or  resultant  reaction,  L^Z,  in  the 
frame  diagram,  may  be  drawn,  and  where  it  intersects  the 
oblique  line  m  z,  representing  the  right-hand  resultant  reac- 
tion, will  be  located  the  point  z.  The  points  a,  m^,  and  z 
should  lie  in  a  vertical  line;  w^i  s  is  the  amount  of  compres- 
-  sion  in  the  left-hand  column,  and  a  z  is  the  amount  of  com- 
pression in  the  right-hand  column,  these  two'  compressive 
stresses  being  equal,  respectively,  to  the  vertical  components 
of  the  resultant  reactions  shown  by  the  vertical  dotted  lines 
in  the  reaction  diagrams,  Fig.  34  {b)  and  {c). 

The  polygon  of  external  forces  has  now  been  completed 
and  extends  from  a  to  b  to  c  to  d  .  .  .to  I  to  m  to  n  to  o  to  p, 
obliquely  to  z,  thence  along  the  line  coincident  in  direction 
with  the  line  of  action  of  the  left-hand  reaction  to  A;  from  A  to 
m,  to  7i„  back  to  a,  the  starting  point.  When  the  polygon  of 
forces  thus  closes  in  a  satisfactory  manner,  the  stress  diagram 
for  the  stresses  in  the  members  of  the  structure  may  be  laid 
out.  There  are  but  two  unknowns  in  the  joint  M^  N^QZ,  so 
that  no  difficulty  is  encountered  in  analyzing  this  joint. 
Likewise,  the  joint  ABRQN,  is  readily  solved  and  the 
stresses  around  the  joints  B  CS R  and  QRSTZ  ca.n  be  laid 
out  without  trouble.  The  next  three  joints,  however,  have 
three  unknown  forces,  so  that  the  method  of  symmetry  must 
be  used.     By   observation  it  can  readily  be  seen  that  the 
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member  VW  in  the  frame  diagram  is  subject  to  the  same 
stress  as  the  member  JiS,  both  sustaining  4,000  pounds. 
If  VWis  known,  therefore,  the  joint  Z>^  WV  can  readily  be 
solved,  for  in  the  stress  diagram  the  point  v  must  be  at  such 
a  distance  from  the  line  iu,  the  direction  of  which  is  known, 
that  the  line  vu,  when  drawn  in  parallel  with  V  U  in  the 
frame  diagram,  will  intersect  the  line  drawn  from  t,  parallel 
to  TU,  at  a  point  u  that  will  be  central,  or  midway,  between 
the  two  lines  dv  and  ew.  By  careful  inspection  in  this 
manner,  it  is  possible  to  work  around  the  entire  truss,  and 
the  finished  diagram  will  be  as  shown.  However,  it  will  be 
found  that  the  members  shown  dotted  in  the  right-hand  half 
of  the  truss  are  useless  when  the  wind  acts- on  the  left- 
hand  half  of  the  truss.  These  members  may  therefore  be 
neglected  and  the  stresses  obtained  in  the  members  marked 
3-4,  4-5,  5-6,  6-7,  7-8,  and  8-9.  The  last  line  of  the  stress 
diagram  will  be  9  z,  and  the  diagram  should  close  on  the 
point  z  when  9  s  is  drawn  parallel  with  the  right-hand  knee 
brace  of  the  frame  diagram,  or  the  member  9  z. 

The  analysis  of  this  truss  is  the  same  as  that  shown  in 
Fig.  35.  This  illustration  shows  not  only  the  wind-load  dia- 
gram, but  also  the  dead-load  diagram.  The  framework  of 
the  truss  is  much  simpler  than  that  in  the  example  described, 
though  the  latter  is  an  excellent  example  of  the  application 
of  the  principles  just  described. 
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